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PREFACE 


The course contained in this book has been designed to 
solve a particular problem which has arisen at Yale Uni- 
versity, and it is hoped that it may be of use in other in- 
stitutions where similar conditions prevail. The problem 
in question is to secure for students who have completed 
trigonometry a course which will present in one year the 
best conception of modern mathematics. 

‘The natural procedure is a short course in analytic 
geometry followed by a course in the calculus. There are, 
however, numerous difficulties if the standard textbooks 
on these subjects are used. Perhaps the most serious is 
that the usual textbooks on the calculus presuppose at least 
a semester’s work in analytic geometry and are themselves 
intended to cover a full year’s work; hence adaptation of 
them to a much shorter course is not very satisfactory. 
Furthermore, the traditional arrangement of topics, if fol- 

lowed in a short course, results in a lack of unity in the 
subject and has the still more undesirable effect of bringing 
the applications of differentiation and integration so late 
that there is not sufficient time to digest them. 

_ For these and other reasons it was thought best to aban- 
don the treatment of analytic geometry as a separate sub- 
ject and to build up the course around the calculus. In 
abridging the calculus the primary aim has been to present 
the fundamental ideas without an excessive amount of tech- 
nique. The standard applications, including most of the 
problems to be found in more extensive treatises, are given 

. v 
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after the student has learned to differentiate and integrate 
only algebraic forms. The formal manipulation required is 
relatively simple, and attention is focused on the reasoning 
involved. The study of the logarithmic, exponential, and 
direct trigonometric functions toward the end of the course 
offers a second opportunity for the student to get an under- 
standing of the definitions and methods of the calculus. 
The book begins with a fairly complete treatment of the 
straight line and curve plotting. The next four chapters 
deal with the differentiation of algebraic functions and the . 
applications of derivatives to simple geometrical problems, 
maxima and minima, rates, and differentials. These are 
followed by a discussion of the conic sections and curve- 
tracing which imparts new geometric information and at the 
same time continues the use of the differential calculus. 
Chapters IX to XIII are devoted to the integral calculus, 
attention being confined to problems in which only integrals 
leading to algebraic functions are involved. Particular 
stress has been laid on the definite integral as the limit of 
a sum. The early introduction of the trapezoidal rule and 
Simpson’s rule is not so much for the purpose of providing 
a tool to enable the student to evaluate integrals as for 
the purpose of emphasizing the summation idea. The last 
two chapters give a fairly complete treatment of the log- 
arithmic and direct trigonometric functions, including both 
their differentiation and integration. These therefore serve 
as a review of the whole course. | 
It is believed that the best classes can cover the book in 
a year. Those who wish to proceed more slowly can omit 
the latter half of Chapter VIII and various other parts. 
Sections which may be omitted without destroying the 
continuity of the text are the following: 9, 18, 22, 23, 69, 
70, 89, 90, 188, 189, 140, 141, 149, 150, 151, 184. If - 


PREFACE vi 


analytic geometry has been covered, Chapters I and II and 

_ parts of Chapter VII can be omitted, and the remainder 

of the book will provide, it is believed, a satisfactory short 

course in the calculus alone. Ifa still briefer course is de- 
sired, Chapters III to VI and IX to XIII cover the calculus 
of algebraic functions in about forty-five lessons. 

_ While this book presents a course which is intended to 
finish the mathematical education of many students, there 
are excellent pedagogical reasons for regarding it as an intro- 
duction to later mathematical studies. The ideas underlying 
the calculus are not essentially difficult, but they are new, 
and the student must meet them again and again in order 
to master thoroughly their significance. Students who spend 
more than one year in the study of college mathematics 
usually devote two years to analytic geometry and calculus. 
In such a course the authors believe that the calculus should 
be introduced as early as possible for the double purpose 
of extending the time for gaining familiarity with its proc- 
esses and of using it in the study of analytic geometry. 
This text presents the first half of such a two-year course. 
Among the topics which have been omitted and which 
might be included in the work of the second year are the 
following: polar coérdinates, empirical equations, inverse 
trigonometric functions, Newton’s method for approximat- 
ing roots of algebraic and transcendental equations, partial 
derivatives, the technique of integration, multiple integrals, 
and differential equations. 

The authors wish to express their thanks to their col- 
leagues in the Department of Mathematics at Yale, who 
have taught this course during its experimental stages and 
have offered many constructive suggestions. 
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AN INTRODUCTION TO 
THE CALCULUS 


CHAPTER I 


CARTESIAN COORDINATES. THE STRAIGHT LINE 


1. Introduction. A survey of the problems which can be 
solved by elementary mathematics (algebra, geometry, and 
trigonometry) shows that although they are large in num- 
ber they form a rather restricted class. For example, the 
problems of algebra consist mainly in finding one or more 
unknown quantities by the solution of equations; and in 
plane geometry and trigonometry we are confined to the 
study of figures bounded by straight lines and circles. 

In order to solve more difficult problems we may proceed 
in two ways: (1) by using new processes of reasoning and 
calculation ; (2) by combining our algebra and geometry so 
that we can use them together to greater advantage. The 
new processes above referred to, and to be described later, 
belong to the branch of mathematics known as calculus. 
We shall begin with the second way of proceeding, which, 
when carried out to its fullest extent, forms the subject of 
analytic geometry. 

The first step in forming a combination of algebra and 
geometry is to devise some algebraic means for describ- 
ing the position of a point. This can be done in many 
different ways, but the discussion in this book will be 
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limited to plane geometry, and only the most widely used 
method of locating a point in a plane will be introduced. — 

2. Rectangular Coordinates. 
In order to describe the posi- 
tion of a point in a plane, two 
reference lines, X'X and Y’Y, 
are chosen at right angles to 
each other. Their point of 
intersection, O, is called the 
origin. The line X'X is called 
the 2-azis, and Y'Y is called 
the y-axis. 

The position of any point P 
in the plane is then described Rial? 
by giving its distance NP » 
from the y-axis and its distance MP from the a-axis. In order 
to distinguish between points on opposite sides of the axes, 
the distance. VP is regarded 
as positive if P is on the right 
of the y-axis, and negative if 
it is on the left; the distance 
MP is regarded as positive 
if it is measured upward 
from the z-axis and negative 


if it is measured downward. ee 4 
me ; B(-4,-2) me POD 
Definitions. The distance of . : 
a point from the y-axis is called a meh 
the abscissa, or x-coérdinate, of 
the point. . Fig. 2 


The distance of a point from 
the x-axis is called the ordinate, or y-coibtdinates of the point. 
The abscissa is usually denoted by 2, and the ordinate | 
by y. The numbers 2 and y together are called the codr- 
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dinates of the point and are written (2, y). In Fig. 1, for 
example, z=4 and y=8; hence the codrdinates of the 
point P are (4, 8). 

The four quadrants into which a pair of rectangular 
axes divides the plane are numbered as in trigonometry. 
If a point lies in the first quadrant, both codrdinates are 
positive; if it lies in the second quadrant, its abscissa is 
- negative and its ordi-. 
nate is positive; if 
it lies in the third 
quadrant, both coér- 
dinates are negative; 
if it lies in the fourth 
quadrant, its abscissa 
: ade : a3 
is positive and its or- a x 
dinate is negative. 

Since the coérdi- - 
nates of two points 
- not in the same quad- 
rant cannot have the 
same sign, it follows 
that, after a pair of Fra. 3 
axes and a unit of 
length have been chosen, every point in the plane deter- 
mines uniquely a pair of real numbers and, conversely, 
every pair of real numbers determines one and only one 
point in the plane. 

3. Plotting. To “plot a point” given by rectangular 
coordinates is to mark it. in its proper position, corre- 
sponding to the given coérdinates. Thus, to plot the 
point (38, 5) means to mark the point 3 units to the right 
of the y-axis and 5 units above the z-axis. In practice we 
measure 38 units to the right along the a-axis and then 


| 
Yo | 
eb fh fed (5,6) apt | 
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5 units upward-from the z-axis. Codrdinate, or plotting, 
paper is made by ruling off equidistant lines parallel to 
the axes so that distances may readily be measured. The 
figure shows several points plotted on codrdinate paper. 
4, Symmetrical Points. Two points, 4 and B, are said 
to be symmetrical with respect to a line / if this line is 
the perpendicular bisector of the line AB. The line J is 
called the azis of symmetry. In Fig. 2 the points & and 
P, are symmetrical with respect to the y-axis, and the 
points R and & are symmetrical with respect to the 
z-axis. It is evident that if 7 is the axis of symmetry of 


A and B, a rotation of the plane through 180° about J 


will interchange the points A and B. 

Two points, 4 and B, are said to be symmetrical with 
respect to a point O, called the center of symmetry, if O is 
the mid-point of the line AB. In the figure referred to, 
Rand & (also B and R) are symmetrical with respect 
to the origin. 
PROBLEMS 


1. Plot accurately the points (4, 3), (4, — 3), (—3, 4), 


(— 8, — 4), (7, 0), (0, — 5), (8, 0), (0, 10). 
2. Plot as accurately as possible the points (2.3, 7.8), 
(W383, V3)" 16, “6S 5, or 


3. Let A be the point (4, 6). What are the codrdinates of | 


the point symmetrical to A with respect to the x-axis? the 
y-axis ? the origin ? 

4. Three vertices of a square are A (2, 0), B(8, 0), C (e 6). 
What are the codrdinates of the fourth vertex? What is the 
area of the square? What is the length of the diagonal ? 

5. Three vertices of a rectangle are A (— 2, — 2), B(— 2, 6), 
C(2, — 2). What are the coérdinates of the fourth vertex ? 
What is the area of the rectangle? What is the length of 
a diagonal ? ; 


x 
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6. The vertices of a right triangle are A(2, 1), B(8, 1), 
C(8, 7). What is the area of the triangle? What is the length 
of the hypotenuse ? 

7. Draw the triangles having the following points as ver- 
tices and calculate the area of each: 

a. (— 2, 0), (6, 0), (4, 8). ec. (0, 2), (12, 2), (5, — 2). 

b. (0, 0), (6, 2), (0, 10). d. (—1, — 3), (7, 7), (—1, 5). 

8. A line joining two points is bisected at the origin. Find 
the codrdinates of one end if the codrdinates of the other 
end are 

a. (5, 3). c. (0, 4). 
b. (6, 4). ~d. (—10, 0). 

9. Three vertices of a parallelogram are (0, 0), (a, 0), and 
(6, c). Find the coérdinates of the fourth vertex. Prove your 
answer. 

10. A square whose side has the length 2a has its center 
at the origin. What will be the codrdinates of its vertices if 
(a) the sides are parallel to the axes? (6) the diagonals coincide 
with the axes ? 

11. An equilateral triangle whose side has the length a has 
its base on the z-axis. What are the codrdinates of the ver- 
tices of the triangle if (a) the center of the base is at the origin? 
(6) one vertex is at the origin ? 

12. A regular hexagon whose side has the length a has its 
center at the origin and one diagonal along the x-axis. Find 
the codrdinates of the vertices. 


5. Directed Lines. The great generality of analytic meth- 
ods and formulas is due primarily io the use cf directed 
lines. These are lines upon which lengths are regarded 
- ‘as positive or negative according to the direction in which 
they are read. The positive direction can be assigned 
arbitrarily and is usually indicated by an arrowhead. If 


- 
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the direction of a segment of a directed line is changed, 
its sign is changed; that is, 


A B 
—_- 


AB=—BA and BA=—AB. 
Fig. 4 


In adding segments of directed lines it is understood 
that the addition is to be performed algebraically. For 
example, in the figure 

ee ee PE eee 


7 
A,B CID. B BG Le 
Fia. 5 
AH=(', HA=—7, DF=2, GD=— 3, etc, 
AC+CF=24+3=5=AF, 
AC+CB=2+(—1)=1=4AB, 
GC+ CH=—4+4+2=—2=GEH. 


The last three equations lead at once to the following 
theorem : 


Cc B 
Theorem. If C is (a) 
: : AC+CB=AB 
any point on the di- 
rected line passing B C 
b 

through A and B, then (2) AC+CB=AC—BC=AB 
AC+CB=AB. 

Proof. When AB is C A B 


positive there are three oh AC+CB=—-CA+CB=AB 
cases, as indicated by 


the opposite figures. Fra. 6 (a), (0); (¢) 


Exercise. Write out the proofs for the three cases when AB 
is negative. 


This theorem illustrates the advantage of the idea of 
directed lines. If one goes from a point 4 to a point C 
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and then from C to a point B, it requires no argument 
to show that the net result of the two motions is the 
same as going from A directly to B. The importance of 
the theorem lies in the fact that one equation (that is, 
AC + CB=AB) covers all possible cases. This equation is 
the same whether all the three motions are forward, or 
all backward, or one forward and two backward, etc. 

Rule for Directed Lines in Analytic Geometry. In using 
rectangular codrdinates, unless the contrary is specifically 
stated, we shall assume that (1) the positive direction along 
the x-axis and along all lines parallel to the x-axis is from 
left to right; (2) the positive direction along all other lines 
is upward. 

The rules for the signs of codrdinates given in § 2 agree 
with this, and hence an abscissa or an ordinate is simply a 
special case of length on a directed line. 

6. Horizontal and Vertical Distances between Points. Let 
BP and £& be any two points, and let a line be drawn through 
B parallel to the z-axis 
and meeting at @ the 

Rrp-----54----------ag5 B 
perpendicular from & [ (Xo, Yo) 
to the z-axis. The di- | 

— 


rected line BQ is called 

the horizontal distance (x1,y,)| 

(or distance parallel me 0 eee 
to the waxis) from _ 

B to P. The directed Fig. 7 


line QB is called the 

vertical distance (or distance parallel to the y-axis) from 
FB to £. een 

The horizontal distance from F to & is evidently the 
same as the projection of RR on the z-axis or any line 
parallel to the x-axis. Thus, in the figure, FQ =4,4,— RE. 
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The vertical distance is evidently the same as the projec- 
tion of R£# on the y-axis or any line parallel to the y-axis. 
Thus, in the figure, QR = B,B,=FR. 


Theorem. The horizontal distance from F (2x,,y,) tok (2 Y,) 
is v,— 1,3 the vertical distance from R to Bis y,— y. 


Proof. Using Fig. 7, the horizontal distance is P,Q, which 
is equal to A,A,. But the theorem of § 5, on adding segments, 
gives 
ALA. = 4,0+04A, 

Now x,= OA, 
and X,= OA,; 
hence, by substitution, A,A,= a, —2,. 

In like manner we find that 

QP, = BB, = y,— yy 


The proofs for the special cases in which the line P,P, is 
parallel to one of the codér- 
dinate axes follow in the Bla) ze 
same way. 


It should be observed 
that any or all of the coér- 
dinates may be negative 
numbers. Thetruth of the 
theorem should be tested 
by marking several posi- 
tions of the points R and B. 
For example, in Fig. 8, 


Fic. 8 


2,= 3, c,=— 8, y,=— 5, y= 4. 
Here £Q=4,4,=(— 8)—-(8)=—11, 
and Qh=B,B,= (4)—-(— 5) =9. 
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7. Distance between Two Points. Theorem. The distance 
between two points R(a,, y,) and B(2,, Yo) 18 given by the 
Sormula 


(D d= \/(x,— x,)'+(¥,— 4)’. 


Two figures are drawn in connection with the proof, 
which may be used without change of wording for any 
positions of the points R(x, y,) and B(a,, y,). 


Proof. Draw a line through P, parallel to OX, and .one 
through P, parallel to OY; let these lines meet at S. 
Now d= RPowP.s SAF he 
But P,S and SP, are the horizontal and vertical distances, 
respectively, from P, to P,. Hence, by the theorem of § 6, 
PS=a2,—2, and SP,=y,—y, 
Substituting these above, we have 


d=V@,— 2) +G,— Hi) 
8. The Mid-point Formulas. Theorem. The codrdinates of 
the point bisecting the line joining the points sae Y,) and 
Bas Yo) are given by the formulas 


_& tx, Wty, 
(II) Ly 3 ’ vie a. 
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Proof. Let P be the mid-point of the line joining P, and P,,. 
Since: a straight*line parallel to the base of a triangle and 
bisecting one side bisects the other and is equal to half of the 
base, we have, in either figure, PC = PA. 


Fic. 10 


But the theorem of § 6 gives . 
PA=x—2, and PC=2,—2. 

Hence L— 2, = 4, — 2X. 

Solving for x, we have x=4(2,+2,). 

Similarly, AP=CP,, or y—y,=y,—¥Y- 

Hence y= t(y,+y,): 

Exampte 1. Given the triangle 4(6, 0), B(2, 4), C e —1). 


Find the length of the y 
median drawn from C. 


Solution. It is impor- 
tant that an accurate figure 
should be drawn, and that 
the codrdinates of the 
points should be marked 
on the figure. As results 
are calculated they should, 
as far as possible, be 
marked on the figure, and 
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all calculated results should be compared with the figure to 
see that they are reasonable. 

The codrdinates of M, the mid-point of AB, are given by the 
mid-point formulas : 


e=}3(24+6)=4, y¥=}4(44+0)=2. 
The length CM is given by the distance formula 


CM =V(4—1)?4+ (2 +1)?= V18 = 4.24. 


This result can be checked by measurement by using a strip 
cut from the coérdinate paper. 


ExAMPpLeE 2. Prove analytically that the lines joining the 
mid-points of adjacent sides of any rectangle form a rhombus. 


Solution. Let ABCD be the given rectangle, with AB=a 
and AD = 6. Letters a and 6 are chosen to represent the sides 
in order that the follow- y 
ing proof may be valid for 
any rectangle. If numeri- (0,6) 
cal values were used for a 
and 6, it would be shown (ob) 
that for one particular rec- "2 
tangle the lines joining the 
mid-points of adjacent sides 
form a rhombus. But this 
proves nothing about any 
other rectangle. Hence it is necessary to give a proof with 
letters which represent amy (that is, every possible) rectangle. 

To use analytic methods, coérdinate axes must be introduced. 
Any set of axes could be used theoretically, but the most con- 
venient will be those obtained by choosing the line AB for the 
x-axis and AD for the y-axis. The codrdinates of the vertices 
will then be A (0, 0), B(a, 0), C (a, 6), and D (0, 6). The coérdi- 
. - nates of the mid-points of the sides will be 


u($, 0); F(a 5): a(§)4); u(0> 5). 


G(4,b) C(a,b) 


F 
(a,2) 


72 


Eo) B(a,0) x 


A 
(0,0 
: Fie. 12 
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Application of the distance formula nei 
OC) = he 
BP=\(«—$)+(3- 0) = 3 Va 
FG= («- 5) +(5- s) a5 i paw, 
2 2 
2 
GH= G9) = 5) =5 1 Ve 
HE 2n|(oun) (5 = 0) 4+ (0 sod) 3 Lay 


Since all four sides are JC EFGH is a rhombus. 


9. Point dividing a ‘Segment i in a Given Ratio. Let & and- 
B be two fixed points on a directed line. Any third diet P 
dinates the segment RR into two segments FP and P£. 
The ratio of these two segments, denoted by 7, is called 
the ratio of division. By definition, 
Bris 
~ PR 


The ratio 7 is usually an integer or a common fraction, 
and its value is determined as in the following examples: 


1. Let P be the mid-point of BR, 


Then BP = PE 

and passils, 
2. Let P cut off one third of the segment RR. 
Then BRP=tP£ 

and ee 


3. Let P be the pt reached by extending RB by half 
of its length. 


Then PP=—3PR 
and r=—3. (Why is 7 negative?) 
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If the point of division P lies between P and BP, the two 
segments #P and PZ have the same sign, and r is posi- 
tive. In this case PB is said to be divided internally. If 


Fig. 13 


P does not lie between A and FR, the two segments have 
opposite signs, and r is negative. In this case FP is said 
to be divided externally. 

Theorem. If the segment FP, of the directed line passing 
through R(x, y,) and P,(2,, y,) is divided in the ratio r by 
the point P(a, y), then 

x, as TX, ¥,+ Ty, 

(Ila) t= 147 9 on wore 


Proof. Draw the ordinates A,P,, AP, and A,P,,. 
Since the segments of two transversals comprehended be- 
tween parallel lines are proportional, we have 


PyPy AvA 
pad SE ae P 1 
PPs, AAs () 
But AA=a—a, and AA,=2,—z, by § 6 
while = =r By definition 
Hence equation (1) becomes, by substitution, 
4 re a, : 
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: aap hae! 
Solving for z, we have “= tor 
In a similar way it can be shown that 

_ AtTYe, 
1+r 


Notre. The mid-point formulas may be obtained as a corollary 
of the above theorem. For if P is halfway between P, and P,, 
P,P =PP, andr=1. Substituting this in the above, we obtain the 
_ mid-point formulas at once. 

Examp.e. Find the point of intersection of the medians of 
the triangle in Example 1, p. 10. 

Solution. The medians intersect at a point EZ on the line 
CM such that CE =3CM. Hence E divides the line CM in 
the ratio OR 


anita &. 
. Bae 


Applying Formulas Ila, we have, for the codrdinates of EZ, 


The point of intersection of the medians is shown in 
mechanics to be the center of gravity of the triangle. 


PROBLEMS 


1. Find the lengths of the sides of the following triangles : 
a. (6,1), (4, 7), (4, 2). c. (— 3, 5), (0, 0), (7, 2). 
b. (5, 3), (38, — 3), (0, 5). d. (— 5, 0), (8, — 3), (8, 4). 
2. Show that the points (— 3, 2), (6, 5), and (8, —1) are 
the vertices of an isosceles triangle. 
. Show that the points (— 3, — 2), (8, 2), and (5, —1) are 
es vertices of a right triangle. ‘What i is its area ? 


4. Show that the points (0, 2), (7, 1), (12, 4), and (5, 5) 
are the vertices of a parallelogram. 
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5. Find the lengths of the diagonals of the parallelogram 

of oe 4, Also show that these diagonals bisect each other. 
- Show that (0, — 3), (7, 2), (2, 9), and (— 5, 4) are the 

0 seh of a square. Find its area. 

7. Find the lengths of the medians and the center of 
gravity of the triangle (5, — 3), (7, 5), (2, 8). 

8. Find the coérdinates of the points which trisect the line 
joining A(— 2, 4) and B(8, — 8). 

9. Given the quadrilateral (2, — 1), (5, 6), (3, 8), (— 4, 4). 

a. Find the perimeter of the figure. 

b. Show that the lines joining the middle points of opposite 
sides bisect each other. . 

10. If the middle point of a line is (6, 2), and one end of 
the line is (10, — 4), what are the codrdinates of the other end ? 

11. If A = (— 2, 6) and B = (8, —1), and AB is prolonged 
to C,a distance equal to three times its length, find the codrdi- 
nates of C. 

12. Show analytically that the coérdinates of the center of 
gravity of the triangle whose vertices are (x,, y,), (@) Y,), and 
(5, Ys) are $(a, + #7, + x) and 3(y,+ y, + y). 

13. Prove analytically that the diagonals of any rectangle 
are equal. 

14. Prove analytically that the middle point of the hypote- 
nuse of any right triangle is equidistant from the three vertices. 

15. Prove analytically that the diagonals of any parallelo- 
gram bisect each other. 

16. Prove analytically that the area of any triangle is four 
times the area of the triangle formed by joining the mid-points 
of its sides. 

Hint. Take two vertices on the z-axis and the third on the y-axis. 


17. Prove analytically that the distance between the mid- 
points of the nonparallel sides of any trapezoid is equal to half 
the sum of the parallel sides. 
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18. Prove that the area of the triangle whose vertices 
are (a, Y,)) (@q) Yq), and (@, y,) is given by the formula 
+E (@yYy + LyYy + BY, — LY, — Xsan — LsYs)- 

Hint. Circumscribe about the triangle a rectangle whose sides 
are parallel to the codrdinate axes, and express the area of the given 
triangle as the difference between the area of the rectangle and three 
right triangles. 

10. Angles; Inclination and Slope. Definition. The angle 
between two directed lines is the angle between their positive 
directions. 

In either figure the angle between the directed lines 
OA and OB is the angle AOB. ’ 


B B 


O A O A 
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Definition. The inclination of a line is the angle between 
the line and the x-axis. 


The inclination of a line parallel to the z-axis is zero. 
Since the positive direction along all lines not parallel to 


a=30° 


Fig. 15 


the z-axis is upward, the inclination is the angle between 
the given line, directed upward, and the z-axis (or a line 
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parallel to the z-axis), directed toward the right. The 
inclination is taken always as a positive angle and is 
always less than 180°. It will be denoted by the letter a.* 


Definition. The slope of a line is the tangent of its inclination. 


The slope will be denoted by m and the definition of 
slope may be written m=tana. When a increases from 
0° to 90°, tan@ increases from 0 to oo, and when @ in- 
creases from 90° to 180°, tan@ increases from — oo to 0. 
Hence the slope may be any real number, positive or 
negative. If @ is less than 90°, the slope is positive; if 
a is greater than 90°, the slope is negative. 


11. The Slope Formula. Theorem. The slope of the line 
passing through the points R(x, y,) and B(ay yz) 18 given 

by the formula 
(III) em Md y 

od oe 

Proof. We exclude from the proof the special cases when P,P, 
is parallel to one of the codrdinate axes. If P,P, is parallel to 
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the x-axis, the inclination is 0° and the slope = tan 0°= 0. This 
agrees with the formula, since y, =y,andz,# x, If P,P, is par- 
~ allel to the y-axis, the inclination is 90° and the slope is infinite. 


_* This is the Greek letter alpha. For other Greek letters see the table 
of formulas at the end of the book. 
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Let the points be lettered so that P,P, is the positive direc- 
tion. Draw P,S parallel to the z-axis, and SP, parallel to the 
y-axis. Two figures are possible, according as @ is acute or 
obtuse. In either figure we have, by trigonometry, 


= ee eee Hh 
m= tana P,s 
But SP,=y,—y, and PS=2,—42%,. § 6 
Y2—- YN 
Hence = a ee 


It was assumed above that the points are lettered so that 
PB, is the positive direction. If the signs of the numerator 
and denominator in the formula are both changed, the value 
of the fraction is not changed, and we have the alterna- 
tive form . 

me wie Yo 
© 2, 
This shows. that it is immaterial which point is called B. 

The slope is the most convenient way of representing 
the direction of a line. Any two points on a line will give 
the same value for its slope. The formula should be thought 
of as the vertical distance divided by the horizontal distance, 
both distances being taken either from 2 to B& or from B 
to &. é 

12. To draw a Line with a Given Slope. If the slope of 
a line is positive, we can see that from a given point on the 
line it extends upward and to the right (or downward and to 
the left). If the slope is negative the line extends, from 
a given point on it, upward and to the left (or downward 
and to the right). 

The slope formula provides us with a simple method for 
constructing a line passing through a given point and hav- 
ing a given slope. For example, to construct a line passing 
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through 4 (2, 3) and having a slope 4, we measure from 
the point A a distance 2 units to the right and 1 unit 
upward, which brings us to the point B(4, 4). Then 
AB is the required line. This method y 

of construction can be altered (1) by 
measuring any number of units to the 
right and then half as many units 
upward or (2) by measuring to the 
left and downward. 

The essential idea is that the slope 
of a line is the rate of change of the 
ordinate with respect to the abscissa; that is, the change 
in the ordinate per unit change in the abscissa. In the 
example above, the change in the y-codrdinate is 4 unit 

per unit change in the 2-codrdinate. 


BIG. 


13. Parallel and Perpendicular Lines. Theorem. If two 
lines are parallel, their slopes are equal, and conversely ; of they 
are perpendicular, the slope of one is the negative reciprocal of 
the slope of the other, and conversely. 

Proof. Let «,, a, and m,, m, denote the inclinations and 
slopes, respectively, of the lines /,, /,. 


Fig. 18 


If /, and /, are parallel, a, = a,. Hence m, = m,. 
If /, and /, are perpendicular, let 7, have the greater inclination 
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Then a= a, + 90°; 
whence tan a, = tan (a, + 90°). 


Then, by trigonometry, 


tan @, =— cota, =— ie 
S 2 tan @, 
1 
Hence m,=——) or mm, =—1. 
2 
The converse theorems are proved by retracing the above 
steps. For convenience in reference the theorems are restated 
as formulas. 


Condition for parallelism : 

(IVa) m,= m,. 
Condition for perpendicularity : 
(IV b) m,m, = —1. 


14, Angle between Two Lines. Theorem. The angle @ be 
tween two directed lines 1, and l, is given by 


(V) 6=a,—a,, 


where a, is the greater inclination. 
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Proof. In either figure, a,= a, + 8, 


whence 0=a,— ys 
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The following theorem contains a formula which is im- 
portant for certain problems: 

Theorem. If @ is the angle between two lines 1, and 1, 
mae 
_ where I, is the line of greater inclination. 
Proof. By the above theorem, 

0 = a@, — @,. 
tana,—tan@, — ™m— mM, 
1+ tana,tana, 1+ mm, 


é (Va) tan 6= 


Hence tané= tan (a4, — @)= 


Exampre 1. If the vertices of a triangle are A(2, —1), 
B(11, 1), C(S, 8), prove that the median from B is perpen- 
dicular to AC. 

Solution. By the mid-point formulas the coérdinates of D, 
the mid-peint of AC, are y 
(3, $). Applying the slope 
formula, we obtain 

erie 
slopeof Ac ==>) =3, 
and 


if Bee 
slope ee mes 


Since these slopes are nega- 
tive reciprocals, the lines A(2,-1) 
are perpendicular. 
Exampre 2. Find the angles of the triangle ABC above. 
Solution. Using the notation of the figure, we find 
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2 _ 9.2299, whence a, = 12.53° (12° 32’), 
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Applying Formula V, we obtain 
A= a, — a, = 59,04° (59° 2") 
and C = a, — a, = 59.08° (59° 2'). 

At B, however, the angle between the positive directions of 
AB and BC is the exterior angle @, which is supplementary to 
the angle ABC of the triangle. Here, then, @ = @,—a@,=118.07° 
(118° 4'), and the required angle B = 180° — @ = 61.93° (61° 56’). 
As a check upon the work, note that 4 + B+C = 180°. 

The angles may be found also by applying Formula Va, as 


follows: 8 5 
tinea ee Fo ee, 
1l+mm, 1+2 3 
whence A = 59.04° (59° 2'); 
= Wg ke 
OC =i ae Hiniad) ods 
whence C = 59.04°(59° 2'); 
M,— Mz —4{-3 15 
tan @ = —+—_$ = =— — 
; 1l+mm, 14+(— sy) ee 
whence 6 = 118,07°(118° 4), 
and B = 180° — @ = 61.98° (61° 56’). 


Exampre 3, In the figure, OBCA is a parallelogram. Find 
the codrdinates of C. 


Solution. Let the codrdinates of C be (x, y). Since BC is 
parallel to OA, we have the slope y 
of BC equal to the slope of OA, or 


IB enh 
e— 51-0. @) 
Similarly, since AC is parallel 
to OB, 


uBio ging 
e+ 15 f=" (2) 


Fig. 21 
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Equations (1) and (2) are sufficient to determine « and y. 
We have, after simplification, 
38a—y—13=0, 
2¢4—5y+13=0. 


By solving these simultaneous equations for x and y, the 


result is found to be 
ge Glo yes 5, 


Hence the coérdinates of C are (6, 5). 


PROBLEMS 
1. Find the slope of the line joining 
a. (3, 1), (7, 5). c. (7, 3), (—1, — 4). 
b. (4, — 2), (2, 2). d. (—1, 6), (6, — 3). 


2. What is the inclination of the line joining each of the 
following pairs of points? Check the results by measuring 
the inclinations with a protractor. 

a. (2, 3), (7, 7). c. (5, — 2), (0, 4). 
b. (6, 1), (2, 4). d. (2, — 3), (— 5, 7). 

3. A point moves from left to right along each of the lines 
joining the following pairs of points. How much does it rise 
per horizontal unit ? How far does it rise in moving from the 
second point to the point where x =15? Explain the meaning 
of negative answers. 

a. (3, — 2), (7, 8). c. (— 8, 3), (—1, — 5). 
b. (1, 8), (4, 7). d. (0, 0), (3, 11). 

4. The slope of one line is 2.765, and that of another is 
— 1.370. Find the acute angle between them. 

5. The slope of one line is — 0.784, and the inclination of 

another is 68.7° (68°42'), Find the acute angle between them. 

6. Find the slope of a line which makes an angle of 30° 

with a line whose slope is 2. 
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7. Prove by means of slopes that (—1, — 2), (5, 1), (7, 2) 
lie on the same straight line. 
8. Are (— 3, 5), (7, 7), (2, 1) the vertices of a right tri- 
angle ? Prove your answer. 
9. Are (4, — 2), (16, 10), (6, 19), (— 6, 8) the vertices of 
a rectangle ? Prove your answer. 
10. Find the angles of the following triangles : 
a. (1,1), (6, 3), (8, 7). c. (3, 2), (5, — 5), (— 4, — 2). 
b. (2, 2), (4, — 6), (8, 4). “d @, =8), (3, = 2), (— 41). 
11. a. Prove that (— 3, 0), are 3), (4, 3), (1, 6) are the ver- 
tices of a parallelogram. 
b. Find the angles of the parallelogram. 
c. Find the angle between the diagonals of the Liteon 
12. a. Prove that (— 2, —1), 4, — 3), (5, 3), (0, 2) are the 
vertices of a trapezoid. 


b. Find the angles of the trapezoid. 
c. Find the angle between the diagonals. 


13. a. Prove that (0, —1), (8, 3), (6, 4), (1, 2) are the ver. 
tices of an isosceles trapezoid. 
b. Find the angles of the trapezoid. 
c. Find the angle between the diagonals. 


14. Three vertices of a rectangle are (4, — 2), (16, 10), 
(— 6, 8). Find the, fourth vertex. 


15. The ends of the hypotenuse of an isosceles right triangle 
are (7, — 2) and (—1, 4). Find the codrdinates of the third 
vertex. How many Soltions are there ? 


16. Three vertices of a parallelogram are (— 1, 2), G, », | 
(1, 7). What are the coérdinates of the fourth vertex ?- How 
many possible solutions.are there ? 


17. If (2, —1), (5, 5), (— 1, 8) are the middle points of tie 
sides of a triangle, what are mts coérdinates of the vertices of 
the triangle ? 


dix 
TS 
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18. The points A(a, 0) and B(a +4, 0) are any two points 
on the x-axis, and O is the origin. Two points C and D are 
taken in the first quadrant, and a third point E is taken in 
the fourth quadrant, so that OC_A, ADB, and OEB are isosceles 
triangles having their bases on the z-axis and their base angles 
each 30°. Find the coérdinates of C, D, and E. 

eel 

Hint. tan 30 ie 

19. Prove that the points C, D, and E in Problem 18 are the 
vertices of an equilateral triangle. 

20. Prove analytically that the diagonals of a square are 
perpendicular. 

21. Prove analytically that the lines joining the middle 
points of the sides of any quadrilateral, taken in order, form 
a parallelogram. 

22. Prove analytically that in any triangle the line joining 
the middle points of two sides is parallel to the third side and 
equal to one half of it. 


15. The Equation of a Straight Line. We have seen that 
to every point in the plane there corresponds, in rectangular 
coordinates, a single pair of numbers, and, conversely, that 
to every pair of numbers representing codrdinates there 
corresponds a single point. We now extend the connec- 
tion between algebra and geometry by showing that to 
every straight line in the plane there corresponds an alge- 
braic equation of the first degree in 2 and y, and that, 
conversely, to every algebraic equation of the first degree 
in # and y there corresponds a straight line in the plane. 

Definition. The equation of a straight line is the equation 
satisfied by the codrdinates of every point on the line and by 
_ those of no other point. 


Consider, for example, the straight line passing through 
the origin and making an angle of 45° with the z-axis. 
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Obviously, for any point on the line the abscissa is equal to 
the ordinate, and this is true for no other point, since points 
equidistant from the axes lie on the line. Hence the equation 
of the line is x= y. Similarly, the equation of the line pass- 
ing through the origin with an inclination of 135° ist=—y. 

It is not necessary that both x and y appear in the 
equation. The equation x=1 is satisfied by the codrdi- 
nates of every point on the line parallel to the y-axis and 
one unit to the right of it, and it is satisfied by the coordi- 
nates of no other point, since no other point can have its 
abscissa 1. The equation of any line parallel to the y-axis 
is obviously z= a constant; the equation of the y-axis is 
x=. The equation of the z-axis is y=0, and the equa- 
tion of any line parallel to the z-axis is y= a constant. 
The special case of lines parallel to the codrdinate axes is 
omitted in the following theorem. 


16. The Point-Slope Equation. Theorem. The equation of 
the straight line passing through the point (x, y,) and having 
the slope m is 

(VI) y—y,=m(x—x,). 

Proof. We are given a line J which has the slope m and 
passes through the point P,(«,, y,). We must show (a) that 
the codrdinates of every point on / satisfy the above equation 
and (6) that the coérdinates of no other y 
point satisfy the equation. 


(a) Let P(x, y) be any point on the 
line 7. Then the slope of P,P is 


B (%oYo) P(e, Yy) 


B (x, Y) 


pe aay 
ora 3 
Hence y — y,= m(x — 2,). Fig, 22 


(6) Let P,(x,, y,) be any point not lying on 7. We must show 
that its cocrdinates cannot satisfy the equation just derived. 
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If they did, we should have 
Yo— Y= M(@,— 2), 


(cya ie 
Xy— Hy 


or n= 


This last relation states that m, the slope of J, equals the slope 
of the line through P, and P,. But this is impossible, since 
two different lines through the same point cannot have the 
same slope. 

Hence the coérdinates of P, do not satisfy the equation. 


The equation which we have derived above is known as 
the pornt-slope form of the straight-line equation. By means 
of it we can write down at once the equation of any straight 
line for which we can find the slope and the coordinates of 
one of its points. 

Exampre 1. Find the equation of the line which has an 
inclination of 135° and which passes through (1, — 3). 

Solution. Since a =135°, we have m =—1. Substituting in 
Formula VI, Heed =e <1, 


and, simplifying, ety+2=0. 


Exampte 2. Find the equation of the line through (2, — 3) 
which is perpendicular to the line joining 4 (3,1) and 2 — 5). 


Solution. The slope of the line AB is 


145 _ 
ogee 6. 
Hence the slope of the required line is 1. Substituting in For- 


and, simplifying, «—6y—20=0. 


17. The Slope-Intercept Form. The intercepts of a line 
are the distances from the origin to the points where the 
line cuts the codrdinate axes. Thus the x-intercept is the 
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abscissa of the point of intersection with the a-axis, and 
the y-intercept is the ordinate of the point of intersection 
with the y-axis. 

The equation of the straight line which has the slope m 
and the y-intercept 0 is 


(VII) y=mx+b. 


This may be derived at once from the point-slope form, 
since we have given the slope and one point, (0, 6). 

This form of the straight-line equation is called the slope- 
intercept form. Its most important use will be given in § 20. 

18. Other Forms of the Straight-Line Equation. The 
point-slope form can be used in every case (except when 
the line is parallel to the y-axis and the equation ‘s of the 
form z= C), but, as stated above, it is especially adapted 
to writing the equation of a line which is determined by 
a point and the direction of the line. Other special forms 
are convenient for other conditions determining a line. 
The slope-intercept form has already been found. Two 
others will be given here. 

The Two-Point Form. The equation of the straight line 
passing through A(z, y,) and R(a,, y,) is 


(VIII) Pease lt 2Ae8 ult 
; : x— x, Ties —X, 


This is derived from the point-slope form by substitut- 
ing for m its value yas ot 
from a figure. a aliee: 
The Intercept Form. The intercepts of a line were defined 
in the previous section. The equation of the straight line 
whose 2-intercept is a and whose y-intercept is 6 is 


(TX) ie <2 ear, 


- It may also be obtained directly 
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Proof. SubdlitutiGg v= a, y,= 0 and x, = 0, y,= 6 in the 
two-point form, we have 
y—9 65-0 
t—-a 0—a 


When simplified this becomes 
—ay=bx—ba, or be+ay=ab. 
If each term is divided by ad, we obtain 
z 
—+ta1. 
Exampte 1. Find the equation of the line passing through 
(—1, 1) and (2, 7). 
Solution. Substituting in the two-point form, 
y-1 7-1 
efi 7 241? 
and, simplifying, 2x—y+3=0. 


An absolute check on the correctness of the result is fur- 
nished by the fact that two points determine a straight line. 
Hence the equation is correct if, and only if, it is satisfied by 
the codrdinates of both points. 

Exampie 2. Find the equation of the line having the 
x-intercept 3 and the y-intercept — 4. 

Solution. Substituting in the intercept form, 

. © op Morin 
: ; MRT 
and, simplifying, 42—3y—12=0. 


PROBLEMS 


Find the equations of the lines determined by the following 
conditions. Draw the lines and check the answers. 
1. Passing through (— 2, 3) and (7, 9). 
2. Passing through (4, 1) and (— 2, 3). 
3. Passing through (1, 2) with slope }. 
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. Passing through (3, — 4) with slope — 3. 

. Passing through (6, 0) and (0, — 4). 

. Passing through (— 2, 0) with inclination 45°. 

. Passing through (8, — 4) with inclination 135°. 

. Passing through (2, — 1) and parallel to the z-axis. 
. Passing through (1, 4) and parallel to the y-axis. 

10. Parallel to the y-axis and 7 units to the right of it 

11. Parallel to the z-axis and 5 units below it. 

12. Having the x-intercept — 7 and the y-intercept 3. 

13. Having the x-intercept — 5 and the slope — 2. 

14. Having the w-intercept 7 and inclination 135°. 

15. Having the x-intercept — 6 and passing through (— 2, 3) 

16. Having the y-intercept 2 and the slope }. 

17. Having the y-intercept 7 and inclination 45°. 

18. Having the y-intercept — 4 and passing through (8, 6). 

19. Passing through (6, — 8) and rising } unit per unit 
increase in a. 

20. Passing through (— 2, 5) and falling 2 units per unit 
increase in a. 

19. The First-Degree Equation. It will now be shown, 
conversely, that to every equation of the first degree in 
x and y there corresponds a straight line in the plane. 
Every equation of the first degree in z and y can be written 
in the form 4¢+By+C=0. By the locus of an equation 
is meant the line (or curve) that contains all points whose 
coordinates satisfy the equation, and such points only. 


Theorem. The locus of the equation Ax+By+C=0 is a 
straight line. 


Proof. Case I. If B=0, then «= —<, and the ea is 


obviously a straight line parallel to the y-axis. 


CARTESIAN COORDINATES 31 


Case II. If B + 0, the equation may be solved for y, giving 


ee 

Hi GB 
Comparison with the slope-intercept form y = ma + b shows 
that this is the equation of the straight line that cuts the 


y-axis at (0, — ©) and has the slope m =— “. 


Nore. It should be noted that the values of x and y that satisfy 
an equation are not changed if every term of the equation is multi- 
plied by the same constant factor. That is, Ax + By+C=0 and 
kAz +kBy +kC =0 represent the same straight line. 


20. To construct a Line, given its Equation. To draw a 
straight line when its equation is given, we find two points 
on the line. Any two points whose coordinates satisfy the 
equation will do, but the simplest to get are those where 
the line cuts the codrdinate axes. Thus, to draw the line 
whose equation is 22—5y—10=0, we set «=0, giving 
y =— 2, and then set y=0, giving =5. Hence two 
points on the line are (0, — 2) and (6, 0). The straight 
line passing through these two points is the locus of the 
equation. If the line passes through the origin, another 
point not on the axes must be found. For accurate con- 
struction, this point should be as far from the origin as 
the plotting paper permits. 

The slope of a line whose equation is given can be de- 
termined by inspection. It appears in the proof of the 
preceding theorem that the slope of the line whose equation 


is da+By+C=0 is m=— <. This important fact can 


be stated also in the following form: Jf the equation of a 
straight line is solved Sor y, the resulting iia of x is 
the slope. 
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PROBLEMS 


1. Find the intercepts of the following lines and draw the 
lines. Find also the slope and the inclination in each case. 
axw—2y+6=0. c. 2xa—y—10=0. 


2. Find the angle between each of the following pairs of 
lines taken from Problem 1: 


i. a. and 8. iii. a. and d. v. b. and d. 
ii. a. and c. iv. b. and c. vi. c. and d. 


3. Find the equation of the line parallel to x -y+7=0 
and passing through the origin. 

4. Find the equation of the line that is perpendicular to 
22—3y+5=0 and that passes through the origin. 

5. Find the equation of the line parallel tox + 2y—6=0 
and passing through (— 2, — 3). 

6. Find the equation of the line that is perpendicular to 
4x2 —5y+9=0 and that passes through (2, 6). 

7. Find the equations of the lines passing through the point 
(— 5, 4) and parallel to the lines in Problem 1. 

8. Find the equations of the lines passing through the point 
(5, — 4) and perpendicular to the lines in Problem 1. 

9. Given the triangle A(3, — 1), B(— 5, 5), C(6, 5): 

a. Find the equations of the sides. 

b. Find the equations of the medians. 

c. Find the equations of the perpendicular ily i of the 

back 

d. Find the equations of the lines joining the mid-points of 
the sides. 

e. Find the equations of the lines through the vertices and 
parallel to the opposite sides. 

f. Find the equations of the lines through the vertices and 
perpendicular to the opposite sides. 
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10. The equations of the sides of a triangle area -+y—5=0, 
2x2—y+4=0,2¢%—5y—20=0. 
a. Draw the triangle. 
b. Find the slope and the inclination of each side. 
c. Find the angles of the triangle. 


11. The equations of two sides of a parallelogram are 
3x2—5y+15=0 and 92+4y—32=0. Find the equa- 
tions of the other two sides if one vertex is (0, — 5). 

12. Find the equations of the sides of the square of which 
two opposite vertices are (— 2, 6) and (8, 0). 

13. A line of unknown slope m passes through the point 
(2, 9) and forms with the codrdinate axes a triangle of area 48. 
Find its slope and its equation. 

Hint. Use the point-slope form, and find the intercepts in terms of m. 


21. Points of Intersection. Let the equations of two lines be 
Az+By+C,=9, 
Azv+B,y+C,=9. 


Every point that lies on the first line will have codr- 
dinates that satisfy the first equation, and every point 
that lies on the second line will have codrdinates that 
satisfy the second equation. Consequently the codrdinates 
of the point of intersection of the  y. 
two lines will satisfy both equations. 
Hence the codrdinates of the point 
of intersection of two lines can be 
found by solving their equations 
simultaneously. 

Examee 1. Find the point of in- 
_tersection of the lines whose equations 
arex+y—6=Oande—y+1=0. 
Solution. By solving the equations simultaneously, we get 
a = 2.5 and y= 3.5. 


Imig 43} 
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ExAMPLE 2, Find the center and the radius of the cir- 
cumscribed circle of the triangle A (3, 0), B(1, »: C(— 6, 3). 


Solution. The center of the 
circumscribed circle is the point 
of intersection of the perpen- 
dicular bisectors of the sides. 

The perpendicular bisector 
of AB passes through F(2,2)and 
has a slope that is the negative 
reciprocal of the slope of AB. 


Hence its equationis y— 2=}(x — 2), 
or x—-2y+2=0. 
Similarly, the equation of the perpendicular bisector of AC is 


y—3=3@+ 9), 
or 38x2—y+6=0. 


The codrdinates of the center of the circumscribed circle are 
found by solving these equations simultaneously. The result 
isa=—2,y=0. 

The radius of the circumscribed circle is the distance from 
the center K to any vertex of the triangle. As a check on 
the correctness of the work we shall find the distance to 
each of the vertices. 


KA = 5 (from the figure), 
sind Gl tae) nota is 
=V(— 2+ 6)?+ (0 — 3)?=5 


Since these three distances are the same, we have proved 
that K is equidistant from the three vertices. 

The center of the circumscribed circle is (— 2, 0), and its 
radius is 5. 

It is important in every problem of this type to draw the 


figure accurately and to make sure that the calculated results 
agree with the figure. 
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PROBLEMS 


1. Find the point of intersection of the following lines and 
draw the figure: 
a.x—2y+4=0and22+y—8=0. 
b. 24+ 3y—8=0anda—y+1=0. 
c2+y—3=O0and32+4y—8=0. 
d.3%—4y—12=0and32+4y4+12=0. 
ea2—d3sy+T=O0and 2~7+y—8=0. 


2. Draw the triangle the equations of whose sides are 
2x—5y—T=0, 54—y—6=0, andi7zx#+15y—94=0, 
and find the codrdinates of the vertices. 

3. Draw the triangle the equations of whose sides are 
x+y—12=0,*7—2y7y+3=0, and 4eax—y+8=0, and find 
the codrdinates of the vertices. 

4. Find the equations of the medians of the triangle A (3, 3), 
B(6, 2), C(8, — 2), and prove analytically that they meet in 
a point. 

5. Find the equations of the perpendicular bisectors of the 
sides of the triangle (7,1), (—1, — 5), (8, — 7), and prove 
analytically that they meet in a point. 

6. Find the center and the radius of the circle circumscribed 
about the triangle in Problem 4. 

7. Find the center and the radius of the circle circumscribed 
about the triangle in Problem 5. 

8. Find the center and the radius of the circle circumscribed 
about the triangle (1, 3), (— 5, — 2), (7, 1). 

9. Find the point of intersection of the diagonals of the 

quadrilateral (5, 5), (— 6, 7), (— 7, — 2), (2, — 4). 
| 10. Three of the vertices of a parallelogram are A(— 6, 7), 
' B(—T, — 2), and C(2, — 4), and ABC is one of its angles. 
Find the equations of the sides passing through the fourth 
- yertex D and the codrdinates of D. 
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11. Find the equation of the line through the point (— 3, 7) 
perpendicular to the line whose equation is «+ 3y= 6, the 
coérdinates of the point of intersection of the two lines, and 
the length of the perpendicular from the point to the line. 

12. By the method outlined in Problem 11, find the distance 
from the point (8, 7) to the line 2% —y = 9. 

13. In the triangle of Problem 4 find the equation of the 
altitude from A to BC, the point where this altitude meets the 
base, the length of the altitude, and the area of the triangle. 

14. By the method outlined in Problem 13, find the area of 
the triangle of Problem 5. 

15. Prove analytically that the medians of any triangle meet 
in a point. rs ae 

Hint. For any triangle the vertices may be taken as (a, 0), 
(0, b), (— ¢, 0). 

16. Prove analytically that the perpendicular bisectors of 
the sides of any triangle meet in a point (see the hint under 
Problem 15). 

17. Prove analytically that the altitudes of any triangle 
meet in a point (see the hint under Problem 15). 

18. In the triangle ABC the length of AB is 100, angle A 
is 46°, and angle B is 38.4° (38° 24'). If A is (0, 0) and B is 
(100, 0), what are the equations of AC and BC and what are 
the codrdinates of C? Find also the area of the triangle. (Ex- 
press the slopes of AC and BC correct to four decimal places.) 

19. In the triangle ABC, AB=16, AC= 21, and BAC = 29.9° 
(29° 54"). Taking A as (0, 0) and Bas (16, 0), find the codrdi- 
nates of C, and the length of BC correct to four figures. 


22. Systems of Lines. In an equation which represents 
a line, the letters 2 and y are called the variables of the 
equation or the running codrdinates of the line. They rep- 
resent the codrdinates of a point, and are different for dif- 
ferent points of the same line. The other letters occurring 


CARTESIAN COORDINATES 37 


in the equation represent fixed numerical values for any 
given fixed line, but the numerical values are different for 
different lines. For example, the equation of any line not 
parallel to the y-axis can be written in the form y= mz + 6. 
If m=1 and 6=2, the equation will represent the line 
that cuts the y-axis at (0, 2) and has the slope 1. 

It is important to note the correspondence between the 
geometrical fact that a straight line is determined by two 
geometrical conditions and the algebraical fact that its equa- 
tion is determined by two constants, in the above case 
m and 6. The apparent exception in the case of the equa- 
tion Ar + By+C=9 is disposed of by observing that this 
may be reduced to a form containing only two arbitrary 
constants if we divide through by A, B, or C. 

Returning to the equation y= mx + 6, suppose that 6 = 2 
and that the value of m is not fixed. The equation y= ma+ 2 
will represent a line cutting the y-axis at (0, 2), but its 
direction will depend on the value assigned to m By 
assigning all possible values to m, the equation will repre- 
sent all possible lines through the point (0, 2) except the 
y-axis, the slope of which is infinite. These lines form a 
system of lines, and m is called an arbitrary constant or 
parameter. A system of straight lines, then, is a set of 
lines having one geometrical condition fixed, and it is rep- 
resented by an equation of the first degree in x and y and 
containing an arbitrary constant. For example: 

1. The equation y=x-+6 represents the system of par- 
allel lines making an angle of 45° with the z-axis. 


2. The equation 5 p+ o= 1 represents the system of lines 


cutting the w-axis at (5, 0). 
3. The equation y—-2= BN +3) represents the system 


_ of lines passing through (— 3, 2). 


| 
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4. If A, B, and Care fixed constants, the equation of the 
system of lines parallel to. dx + By+ C= 0 is de+Byt+k= 0, 


sg ¥ 


x x 
Q) (2) 


(8) (4) 
Fra. 25 


where *& is an arbitrary constant; and the equation of 
the system of lines perpendicular to the given line is 
Be — Ay+k= 0, 
The equation of a system of lines is useful in the solu- 
tion of certain types of problems, as illustrated below : 
_ Exanere 1, Find the equation of the line that passes 
through (4, — 2) and is parallel to the line x +3y—10=0. 
Solution. The equation of the system of lines parallel to 
the given line is sie Sykes 0, (1) 
If a line of this system passes through (4, — 2), its equation 
must be satisfied when x = 4, y=— 2; that is, 
4—6+k=0, whence & = 2. 


f 
‘ 


~ 
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Substituting this value of & in (1) gives the final result 
e+3y+2=0. 
This method should be compared with the method of solving 
this problem without y. 
the use of the notion 
of a system of lines. 


Exampix 2. Find 
the equation of the line 
that passes through 
(6, 3) and cuts off 
from the first quad- 
rant a triangle of area 
48 square units. 


Solution. The equation of the system of lines passing through 
ied iad y —3 = m(z — 6), 
or m2a—y+3—b6m=0. (1) 


The intercepts a and 6 of any one of these lines on the coér- 
dinate axes can readily be found in terms of m. We obtain 


Fic. 26 


Sek OIE g and b6=3—6m. 
Mm 
The area of the triangle formed by the line and the coordi 
nate axes is 
He (3 — 6m) (6m — 3) _ 
nce 2m = 


which becomes, after simplification, 
12 m?+ 20m+3=0. 


The two roots of this equation are 
m=—% and m=—}. 
- Substituting i in (1), we have the two results 
8a+2y—24=0, and x+6y— oh 
- Both results are correct, as can be easily verified. 
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PROBLEMS 


1. Write the equation of the system of lines determined by 
the following conditions: 
Having the slope 2. 
Making an angle of 30° with the x-axis. 
Passing through (— 2, 8). 
Having the intercept on the y-axis equal to 4. 
Having the intercept on the z-axis equal to 2. 

f. Having the intercept on the y-axis double the intercept 
on the z-axis. 

g. Forming with the coérdinate axes a triangle of area 8. 

2. Determine & so that 

a. The line whose equation is x — ky + 3 = 0 passes through 
(3, 1). 

b. The line whose equation is x + 2 y+ k = 0 passes through 
(10, 1). 

3. Using the same codrdinate axes, draw several lines of the 
system represented by 

a.x—2y+k=0. ckhety+2k=0. 

b. y= kx — 38. d.y—4=k («+ 2). 


So SS 


iS 


4. By inspection of the equations in Problem 3, determine ~ 


the common geometrical property of each of the systems of 
lines there represented. 

5. Write an equation that will represent the system of lines 
parallel to each of the following lines : 

ax+Ty—12=0. c3%—-4y—T=0. 

b. 5ea—2y+14=0. 3 

6. Write an equation which will represent the system of lines 
perpendicular to each of the following lines: 

a.xc—6y+5=0. ce 2e+3y+8=0. 

b4xe+2y—9=0. 

7. Find the equation of the line parallel to 3a—5y + 8=0 
and passing through (1, 4). 


~ Se 
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8. Find the equation of the line that is perpendicular to 
2%+y—3=0 and that passes through (7, 2). 

9. The equations of two sides of a parallelogram are 
3e—y+T=O0ande+2y—5=0. Find the equations of 
the other two sides if one vertex is (3, — 2). 

10. Find the equation of the system of lines which are 
2) parallel and (6) perpendicular to the line whose equation 
is 2a+3y=T. 

11. Determine k' in terms of & so that the ee whose equa- 
tion is « + ky + k'=0 may pass through the point (— 3, 6). 

12. Determine k and k' so that the line whose equation is 
x + ky + k' = 0 may pass through the points (— 3, 6) and (6, 4). 


23. Distance from a Line to a Point. To find the dis- 
tance from a line parallel to the y-axis to a point involves 
no difficulty. If the equation of the line is = C, and the 


B eee 


(m1, 41) 


A Pada ton of the point are a Y,)» the aie From the 
line ¢o the point is obviously 2,— C, whether the point is 
at the right or at the left of the line. 

For the more general case, where the line cuts the 
y-axis, we have the following theorem: 


Theorem. The distance from the line whose equation is 
y= met to the point F(x, y,) ts given by the formula 


ie Baie 
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Proof. In either figure let 7 be the given line whose equa- 
tion is y= ma +b. Through P, draw a line Z' parallel to /, 
and through O draw ONN' perpendicular to 7 and consequently 
perpendicular to /'. 

Obviously, by § 5, 


d= NN'=ON'— ON. (1) 


| Fig. 28 


Since ON is perpendicular to J, its slope is — ‘2 and its 
equation is 7 es . 


Solving this simultaneously with y = mx + d, we find that 
the coérdinates of N are 


— bm b 


PE Emilee sy 


Substituting these in the distance formula, we have 
, a: 
5 i ‘ 
Vim? +1 (2) 


where the sign of the radical is +, since ON always has the 
same sign as 6, 


ON 
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The equation of the line /' is 
Y¥—Y,=m(e—2x,), 
or y= mex + y, — me,. 
The y-intercept of this line is 6'= y, — mx 
Hence equation (2) tells us that 


1° 


ON'= Y1 ~My , (3) 
m +1 

Substituting the values of ON and ON' in equation (1) gives 
the required formula. 

Nore. If P, is on the line, Formula X gives d = 0, as should be 
the case. Since the proof has been based upon the idea of directed 
lines (equation (1)), it follows that NN’ will be positive if it is 
directed upward, and negative if directed downward. Hence the 
value of d, as given by Formula X, will be positive if P, lies above 
the line, and negative if P, lies below the line. _ 


-Exampue 1. Find the distance from the line whose equa- 
tion is 32 — 4 y= 8 to the point (7, 2). 
Solution. To apply Formula X, first write the equation of 
the line in the slope-intercept form, 
y=3u—2 
>, or y—3x2+2=0. 
Then the distance from the line to any point P,(x, y,) is 
pipe Nees 1s 2 
V3, +1 
Substituting 7 for x, and 2 for y,, we have 
zi 2—2-7+2 
Vis +1 


2 
=—¢=-1. 
& 


To check the result draw the figure. 
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Examp.e 2. Find the distance between the parallel lines 
whose equations are 22+3y+5=0and 24+3y—T=0. 

Solution. The distance between two parallel lines is the 
distance from one of the lines to any 
point on the other. A pcint on the first 
line is B(O, — 8). 
_. To find the distance of B from the 
second line, we write its equation in the 
slope-intercept form, 

Fetal len eS 

Then, by Formula X, 

pp whe DO=-® = 12 
Ve Hid V13 
Hence the distance between the lines is 3.328. 


_ Examp ie 3. Find the area of the triangle whose vertices 
are A(—1, 1), B(6, — 2), C(3, 6). 
Solution. The equation of AB is easily found to be 
Melon th te dee ea © 
The distance from AB to C is 


a8 P@)-4_ 47, 


Vi; 1 V58" 
that is, the length of thealtitudeCDis 4 4 
47 ‘ (1, 


V58 
The length of the base AB is given by 


the distance formula _ 465) 
Fie. 
sB=VC1~ FOTO = VE. ol 
Hence the area is Te -CD= 1 58 . 47 = 93.5. 
a 2 V58 


The above method should be compared with that suggested in 
Problem 13, p.36. The result obtained above can be roughly 
checked by counting the number of squares inside the triangle. 
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PROBLEMS 


1. Find the distance from the given line to the given point, 
Draw the figure in each case. 

a2+y—5=0, (— 2,1), -¢.7+2y—10=0, (7, 2). 

b.x—2y+4=0, (6,2). f.2a—5y+10=0, (6, 4). 

c. 12a@+5y—2=0,(5,7). g. 3u--8y—24=0, (3, — 4). 

d.3x2—4y—5=0, (10, 4). 


2. Find the distance between each pair of parallel lines: 
a 384%—4y+7=0,32—4y—8=0. 
bax—yt12=0,%0%—y+2=0. . 
ce 5a4+12y—30=0,52+12y+ 20=0. 


3. Find the lengths of the three altitudes in each of the 
following triangles. Draw the figure in each case. 


a. (— 5, 0), (—1, 6), (5, 2). ——-. (10, 0), (14, 6), (5, 10). | 
B= 2e3) (4; 2B) G(B; 6). CT Sal Ge Dpe(6-S)ai4pe op 


4. Find the areas of the triangles in Problem 3. 


5. Find the area of the quadrilateral whose vertices are 


bare. Aly) | (GP > D)a yas 
_(8, 4), (—7, 10). 


6. Find the equations 
of the bisectors of the 
angles between the lines 
whose equations are 
y=ux—lLand y=2x—38. 

Solution. We recall 
from plane. geometry 
_ that any point on the 
bisector of an angle is 

equidistant from the sides. Thus, if allowance is made for 


difference in sign, a ies AP 
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By Formula X this becomes 


y—2e+3 _  y-ath y-e+i 
V5 Mola 


which, upon simplification, reduces to 
(2V2+V5)a —(V2+-V5)y— (3-V2 4+ V5)= 0. 
Similarly, UP =: DF", 
whence 


(2/2 —VB)e2+(Vb —V2)y+(V5 —3-V2)=0. 


7. Find the equations of the bisectors of the angles 
between the lines whose equations are 3x%+4y—10=0 
and 83a2—4y+2=0. 


8. Find the equations of the bisectors of the interior angles 
of the triangle defined by the equations 32—4y—9=0, 
4x2+3y—16=0, and12¢—5y+24=0. 


9. Find the equations of the bisectors of the exterior angles 
of the triangle in Problem 8. 


10. Find the equations of the bisectors of the interior angles 
of the triangle defined by the equations a -10 = 0,y—3=0, 
anda—y=0. 


11. Find the equations of the bisectors of the exterior angles 
of the triangle in Problem 10. 


12. Find the equations of the bisectors of the interior angles 
of the triangle whose vertices are (10, 0), (— 2, 6), and 
(—10, — 10). 


13. Find the equation of the locus of all points that are 
twice as far from the line whose equation is 32 —4y—3=0 
as from the x-axis. 


14. Find the center and the radius of the circle inscribed in 
the triangle whose vertices are (0, 10), (12, 4), and (— 8, — 6). 
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MISCELLANEOUS PROBLEMS 


1. The vertices of a triangle are A(8, 0), B(6, 4), and 
¢(—1, 3). Find 

a. The equation of AB. 

b. The length of the altitude from C. 

c. The area of the triangle. 

d. The center of gravity. 

e. The angles of the triangle. 

Ff. The length of the median from C. 

g. The equation of the perpendicular bisector of AB. 

h. The center and the radius of the circumscribed circle, 


2. Find the information called for in Problem 1 for the tri, 
angle whose vertices are A (— 5,13), B(7, 5), and C(— 10, —12). 

3. Find the information called for in Problem 1 for the 
triangle whose vertices are A (9, 0), B(3, 3), and C(—1, — 5). 

4. The vertices of a triangle are A(9, 3), B(8, 6), and 
e(—1, — 2). Find 

a. The equations of the sides. 
__ 6. The lengths of the three altitudes. 

-c. The area. 

d. The angles of the triangle. 

e. The equations of the bisectors of the angles. 

f. The center and the radius of the inscribed circle. 

g. The equations of the perpendiculars from the center of 
the inscribed circle to the sides of the triangle. 

h. The coérdinates of the point of contact of the inscribed 
circle with each side of the triangle. 


5. Find the information that is called for in Problem 4 for 
the triangle whose vertices are A(5, 10), B(11, — 2), and 
c(—5, — 10). 

6. Find the information called for in Problem 4 for the 
triangle whose vertices are A (0, 0), B(0, 12), and C'(4.5, 6). 
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7. The equations of thesides of a triangle are 4x —3 y+ 9=0. 

3a+4y—17=0, and 5%—12y—19=0. Find 

a. The angles of the triangle. 

b. The equations of the bisectors of the angles. 

c. The center and the radius of the inscribed circle. 

d. The equations of the lines passing through the center of the 
inscribed circle and perpendicular to the sides of the triangle. 

e. The coérdinates of the point of contact of the inscribed 
circle with each side of the triangle. 


8. Find the information called for in Problem 7 for the 
triangle whose sides have the equations 37+ 2y—4=0, 
38a—2y+22=0, and 2a—3y—T=0. 

9. Find the information called for in Problem 7 for the 
triangle whose sides have the equations 3a — 4 y + 32=0, 
4x+3y+26=0, and x—4=0. 

10. The vertices of a parallelogram are A (1, — 2), B(7, 3), 
C (6, 9), D(0, 4). Find the altitude, regarding AB as the base. 
Find the altitude, regarding AD as the base. Check the results 
by finding the area in both cases. 

11. The equations of the sides of a parallelogram are 
5a+3y—30=0,57+3y—1=0,32—4y—18=0, 
3832—4y+11=0. Find the point of intersection of ae 
diagonals. 

12. Find the area of the circumscribed circle of the triangle 
2u+y—20=0,4+3y—10=0, x—Ty+50=0. 

13. Find the area of the inscribed circle of the triangle 
(2, 2), (— 4, 5), (— 8, — 3). 

14. The equations of the sides of a triangle are the followings 
24a+Ty—48=0, 4e—3y—1=0, 52+412y—60=0. 
On each side of the triangle find the point that is equidis- 
tant from the other two sides. 


15. The vertex of an isosceles triangle is (5, 7), and its base 


angles are 45°. The equation of the base line is +2y—4=0, 
Find the equations of the other two sides. 


= 


CHAPTER II 


EQUATIONS OF CURVES 


24. Equation of a Curve, or Locus. We have seen in the 
first chapter that the coordinates of every point on any given 
straight line satisfy a certain equation of the first degree 
and, conversely, that the locus of any given equation of 
the first degree is a certain straight line. In general it 
will be found that to every equation not of the first degree 
there corresponds a curve and that every curve has a defi- 
nite equation. As a foundation for future work we have 
the following definitions, which must be thoroughly under- 
stood and memorized. 


The equation of a curve, or locus, ts the equation satisfied 
by the codrdinates of every point on the curve and by those 
of ‘no other point. 

Conversely, the graph, or locus, of an equation is a curve 
containing all points whose codrdinates satisfy the equation, 
and no other points. 


These two definitions are really equivalent. From them 
we see that, in order’ to show that a particular point 
lies on a curve, we must substitute its codrdinates in 
the equation of the curve and show that they verify the 
equation. 


Exampte 1. It will be shown later that the graph of 

x? + ¥? — 20a” = 0 is a circle whose center is (10, 0) and whose 

radius is 10, In the figure the points (4, 8) and (17, — 7) both 
49 
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appear to lie on this circle. If we substitute 4 for x and 8 for 
y in the equation, we have 
16 + 64 — 80=0; 
if we substitute 17 for x and —7 for 
y, we have 
289 + 49 — 340 =— 2+ 0. 

Hence the first point is on the 
circle, but the second is not. 

ExamPie 2. Does the graph of 
v+4ayty—4xe—y—12=0 pass 
through the origin? Where does it Fig. 32 
cut the x-axis ? 


Solution. Substituting « = 0 and y = 0 in the equation, we 
get —12= 0, which is false. Hence the graph does not pass 
through the origin. 

If it crosses the x-axis, y= 0 at the point of intersection. 
Substituting this in the equation, we get 

v—4x2—12=0, 
(x — 6)(@+ 2)= 0; 
whence x = 6 or — 2. 


Therefore the curve cuts the w-axis at the points (6,0) and 
ee 2, 0). 


25. General Problems related to a Curve and its Equation. 
As implied by the definitions in the preceding section, the 
study of curves by means of their equations involves two 
distinct, but closely related, problems. When the equation 
is known, the problem is to construct its graph and to 
study the properties of the curve by means of its equation. 
When a curve is known, or is defined by given properties, 
the problem is to find its equation. 

The straight line has been treated in this manner in the 
first chapter, where it was shown that the graph of every 
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equation of the first degree is a straight line, which can be 
drawn by finding two points on the line, and that the equa- 
tion of any straight line can be found by appropriate 
methods. 

The construction of the graphs of equations of degree 
higher than the first is explained in §§ 26 and 27. The 
study of the properties of a curve by means of its equa- 
tion is treated briefly in §§ 28 and 29 and more fully in 
Chapter VIII. The general method of finding the equa- 
tion of a curve defined by given properties is illustrated 
in § 80. 

26. Plotting Graphs of Equations. A few curves used in 
analysis are defined by geometric means, as is the circle in 
plane geometry, but usually a curve is defined by its equa- 
tion. Since an equation in two unknowns is in general 
satisfied by an infinite number of pairs of values, we can- 
not plot all the points of a curve defined by an equation. 
But we can approximate the graph by finding a number of 
points whose coérdinates satisfy the equation and by joining 
them with a smooth curve. This process is known as plot- 
ting the graph of the equation. In order to systematize the 
work it is customary to proceed in the following manner: 

I. Solve the equation for y in terms of x (Sometimes it 
is easier to solve for x in terms of y. If this is the case, 
interchange 2 and y in the following directions.) 

II. (1) Substitute convenient positive and negative values 
(usually integral) for x, and calculate the corresponding values 
of y. Each pair of values of x and y satisfy the equation, 
and are therefore the codrdinates of a point on the graph. 

(2) Arrange these pairs of values in a table, with the values 
of x increasing algebraically. 

III. Plot each point, and join the points in the order of the 
table by a smooth curve. : 
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Exampue. Plot the graph of the equation a? — 2%—y=0, 
Ag 


2 
of 
0 
il 
2 
3 
4 
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Solving for y in terms of x, we have 


y= x? —2ex. 


Substituting x = — 2, —1, 0,1, 2, 3, 4, we get y = 8, 3, 0, —1, 
0, 3, 8, respectively.’ 

The points. thus determined are tabulated at the left. If the 
table is extended by taking values of 2 greater than 4, it is 
apparent that the corresponding values of y will increase. The 
curve extends indefinitely to the right and upward, Similarly, 
by taking values of x less than — 2, it can be seen that the curve 
extends indefinitely to the left and upward. 


27. Further Remarks on Plotting. When the solution 
for y in terms of 2 involves a square root, both signs 
must be used before the radical and each value assigned 
to x will give two values of y and hence two points to 
be plotted. ; 

The table of values should extend far enough to give a 
good idea of the shape of the graph. 

The points where the curve crosses the axes, if there 
are any, should be found. This may be done as in the 
second example in § 24, 
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If the curve appears to change its direction abruptly 
at any point, look for an error in the table of values. If 
there is no such error, take intermediate fractional values 
of x (or y) and plot the corresponding points. This should 
also be done if the points plotted do not show clearly the 
form of the curve. 

Applications of the above remarks are given in the solu- 
tions of the following illustrative examples: 


Exampre 1. Plot the graph of 4.2?+ 7? == 24. 
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Solving for y in terms of z, 


y=+V24—402 
=1+2V6— x. 

A table of square roots or a slide rule will be found con- 
venient in calculating the various values of this radical. As y 
is imaginary for « > 3, but real for x = 2, the curve must cross 
the z-axis between «= 2 and x= 3. These points are readily 
found by setting y = 0, whence 

4e7= 24, or x = V6 =4 2.4.+ 
Adding the points (2.4, 0) and (— 2.4, 0) to the list, we can 
draw the entire curve. 
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Exampue 2. Plot the graph of y = 2° — x. 


Y 


Fie. 35 


There are no complications in finding the table of values. 
But when the points (— 1, 0), (0, 0), and (1, 0) are plotted, it 
is seen that the general rules for plotting appear to make the 
curve coincide with the «#-axis in this region. By substituting 
+4 for x, we find two more points, which show that the curve 
rises above the z-axis between —1 and 0 and falls below it 
between 0 and 1. 


Exampte 3. Plot the graph of ey =— 16. 


Solving for y, we obtain y = — *. Two things should be 


noticed. First, as y decreases slowly after « becomes greater 
than 5, it is not advisable to space these values of « closely. 
Second, there is no point for which «= 0. For if 0 is substi- 
tuted for # in the equation, we have 0. y= 9, not —16. Taking 
fractional values of x, we have the supplementary table. This 
indicates that the curve recedes indefinitely along the y-axis 
as well as along the z-axis. Since y increases indefinitely as 
approaches 0, it is customary to say that for z= 0, y=+o. 
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This abbreviation, however, should not be allowed to obscure 
the fact that for 2 = 0 there is no point on the curve. 


Fic. 36 


PROBLEMS 


1. Plot the graphs of the following equations: 


a.e=— 3. L y= a. 
bh 5e—2y+6=0._ . moy = a, 

ce y=2?—624+8. Nn. =e) 
d.4y=8—22— 27. Onvay = 9. 

e. a+ y*? = 82. pi ay = 16. 
f.2e+y = 36. q xy = 16. 

g. v—y=4. nv+t4y=0. 
h.2?+4y'%= 36. s. 2? — 77? +16 = 0. 
i. f§—4 y= 16. t. a’yt4y=8. 
j. 20+ y= 2. u. xy ty= x. 
hoy =a. v. w’y—4y= x. 


2. Find one of the curves in Problem 1 which passes 


through . 
a. (0, 0). b. (4, 0). 
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3. Plot the graphs of the following equations for the range 
of values indicated in each case: 


Equation Range of Values 
a. y—4y=2—3, y=—2 to y=6. 
bx=7yt+5y+4, y=—T to y=2. 
c.4a7— 97’? = 36, —xr%=—12 to x=12. 
d.2?7—-y?+4xe=0, z=—10 to «=6. 
eay=a—A4a, x=—3 to «=83. 
f. 2y=e2 — 22%, x=—2 to r=4. 
g. xy=3y-—1, eel. ‘ton ei 
h. ey — x? = 12, e==8 to a= 8: 
i. 5y=(@—1) (2+ 4, s=—6 to x=3: 
p4yYPa—e'4+ 42%, x=—8 to a= 4. 
kh. y=2?—9a—5, z=—3 to «=4. 
1L10y=2*— 92%, g=—4 to #=4 
m. y =(« —1)(@+1)(@ — 2); x=—3 to r=4. 


4. Find one of the curves in Problem 3 which passes 


through 


a. (0, 0). b. (4, 0). 


5. Choose convenient values (other than 0) for the arbi- | 
trary constants in each of the following ee tay and plot the 
respective graphs. 


Nore. If there are two arbitrary constants, do not use the same 


value for both. 


Sm FAME ROSA 


Yy = ma + 0. 
gi y? =a 
"ar? + ay? = ab? (ellipse). 
a? — ay? = a*b? (hyperbola). 
y’ = 2 px (parabola). 
a* = 2 py (parabola). 
2 xy = a* (equilateral hyperbola). 
= ax® (cubical parabola). 
y’ = ax® (semicubical parabola). 
y = a + bx + cx? (parabola). 
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6. Find the points where the graph of Problem 3, m, crosses 
the x-axis. Write the equation of a curve crossing the z-axis 
at (4, 0), (0, 0), and (— 2, 0) and draw its graph. 

7. Plot the graph of y = 4 2? + C for two values of C, using 
the same codrdinate axes. What is the effect upon the graph 
of changing the value of C ? 


28. Discussion of Equations. An effective study of the 
properties of most curves requires a knowledge of differen- 
tiation, and so this topic will be reserved for a later chapter. 
A cursory examination of the equation, however, will often 
yield considerable information about the curve and facili- 
tate the labor of plotting. The properties most readily 
found by this means are the intercepts and the symmetry 
of the curve with respect to the codrdinate axes. 

Intercepts. The intercepts are the distances from the 
origin to the points of intersection of the curve and the 
coordinate axes. That is, the z-intercepts are the abscissas 
of those points on the curve for which y = 0; similarly, the 
y-intercepts are the ordinates of those points on the curve 
for which z= 0. To find the intercepts on the z-axis, sub- 
<stitute 0 for y and solve the resulting equation for x. To 
find the intercepts on the y-axis, substitute 0 for x and 
solve the resulting equation for y. (See § 24.) 

Symmetry. If there are only even powers of x in the 
equation, it is evident that negative values substituted 
for z will give the same values of y as the corresponding 
positive values of z Thus the points of the curve may be 
arranged in pairs, each pair symmetrical with respect to 
the y-axis, since the ordinate is the same and the abscissas 
differ only in sign (see also § 4). Such a curve is said to 
~ be symmetrical with respect to the y-axis. In this case the 
values of y when z is negative may be obtained at once 
from the values of y when z is positive. 


} 
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Similarly, if there are only even powers of y in the equa- 
tion, the curve is symmetrical with respect to the z-axis. 

If the equation of a curve is unchanged when — z is 
substituted for 2 and —y for y, the points of the curve 
may be arranged in pairs, each pair symmetrical with re- 
spect to the origin. Such a curve is symmetrical with 
respect to the origin. 

If a curve is symmetrical with respect to both axes, it 
is symmetrical also with respect to the origin; but a curve 
symmetrical with respect to the origin is not necessarily 
symmetrical with respect to both axes. 


Examp.e 1. Investigate the intercepts and the symmetry 
of the graph of 4a?+ 7?= 24. 


Solution. When y=0, e=+ V6=+424; when x=0, 
yo=r V24=+44.9. Hence four points of the curve are 
(+ 2.4, 0) and (0, + 4.9). As both a and y occur only with 
even exponents, the curve is symmetrical with respect to 
both axes and the origin, and a table of values for the first 
quadrant will suffice for the whole curve. This curve is 
plotted in the first illustrative example of § 27. 


Examp.e 2. Investigate the intercepts and the symmetry 
of the graph of y= 2*— «a. 

Solution. When y= 0, x=0 or +1; whenz=0, y=0. 
Hence the curve cuts the a-axis at three points: (—1, 0), 
(0, 0), and (1, 0). The curve cuts the y-axis only at the origin. 
As both x and y occur with odd exponents, the curve is sym- 
metrical with respect to neither axis. When — z is substituted 
for x, and — y for y, the equation becomes — y = (— x)*—(— 2). 
When the parentheses are removed, we have — y=— 2°+ 2, 
which, by changing signs, is the same as the original equa- 
tion. Hence the curve is symmetrical with respect to the 
origin. This curve is plotted in the second illustrative example 
of § 27, . 
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Variation of the Codrdinates. It is also frequently possible 
by inspection of the equation to determine whether y in- 
creases or decreases as x increases. Let us take as an 
illustration the equation discussed in Example 1. When 
we solve this for y in terms of 2, in order to compute the 
table of values, we obtain y=+2V6—2z*%. From this we 
see at once that as x increases numerically, y decreases 
numerically ; also that 2? can never be greater than 6, and 
hence that the largest possible value of |z|* is V6. Simi- 
larly, the largest possible value of |y| is 2V6. 

29. Plotting by Factoring. It sometimes happens that 
when we transpose all the terms of an equation to one 
side, we can factor this expression. If so, the locus of the 
equation is the group of lines or curves obtained by set- 
ting each factor equal to zero and by plotting the loci of 
the equations thus obtained on the same codrdinate axes. 


Examp tz. Plot the locus of 2?7— 3ay=— 27. 

Solution. Transposing 2 7 and factoring the expression, we 
have (xc —2y) (« —y)=0. Setting each factor equal to zero, 
we have «x —2y=Oanda—y=0. 4 
The graphs of these equations are 
straight lines through the origin, 
with slopes 4 and 1 respectively. 

Observe the curious result that, 

although the locus of an equation O 54 
of degree higher than the first is 

never a straight line, it may some- 

times be a pair of straight lines. 


The validity of the process just 
deseribed follows at once from 


_ the definition of the locus of an equation. For if a point 
lies on either of the lines thus obtained, its coordinates 


* || means the value of « without regard to sign. Thus, |—6|=|6|=+ 6. 


Fig. 37 


! 
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must satisfy one of the equations x—2y=0 orz—y=0. 
But if either x—2y or z—y is zero for a certain pair of 
values of « and y, their product, 2°—8ay+2y’, equals 
zero for the same values. Hence the point lies on the locus 
of the given equation. No other points have. codrdinates 
satisfying the given equation; for 2?—38ay+2y" cannot 
equal zero for any values of x and y unless one of its 
factors equals zero, in which case the point would be on 
one of the lines. 
PROBLEMS 


1. Investigate the iatercepts and the symmetry of the graph 


of each of the following equations : 


fea 


a. y= 8 — x”. ke beater 

b. 2? +47 = 16. g. ay = 36. 

cc 2e7°+y=1. h. wy +4y=12. 
d. x? — 97? = 36. Ly= 9a — 2. 
ey+8=2. j y= et = 907 


2. Each of the following questions refers to the correspond- 
ing equation in Problem 1. Answer the question, givin; the 
reason for the statement made. 

a. What is the largest value of y? 
b. What are the largest numerical values of « and y? 
ce. What are the largest numerical values of x and y? 
d. What is the smallest numerical value of x? 
e. What is the smallest value of x ? 
In which quadrants does this curve lie ? 
How does y change as & increases ? 
. What is the largest value of y? Is y ever negative ? 
i. For what values of x is y positive ? 
j. For what values of x is y positive ? 


3. Using the results obtained in Problem 1, and such other 
information as the equation may yield, endeavor to sketch each 
of the curves without obtaining a table of values. 


PO 
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4. Which of the curves in Problem 1, p. 55, have symmetry 
a. With respect to the z-axis? 
b. With respect to the y-axis? 
c. With respect to both axes ? 
d. With respect to the origin only ? 

5. In the equation 4 y = a? — 10 x + 24 substitute — x forx 
and plot the graphs of both the new equation and the original 
equation on the same axes. In what way are the curves related ? 

6. Plot on the same axes the loci of 2y=2?—16 and 
2y=16—2*. How are these loci related ? © 

7. Plot on the same axes the loci of y=a* and a=y* 
How are these loci related ? 

8. For what value of p will the graph of y? = 2px pass 
through the point (16, 4)? Plot the graph. 

9. For what values of the constants a and 0d will the graph 
of 0x? + a’y* = a’b* pass through (1, 3) and (4, — 2)? Plot 
the graph. 

10. For what values of a, 6, and ¢ will the graph of 
y= a+ bx + cx? pass through the points (—1, 1), (4, 7), and 
(3, 5)? Plot the graph. 

11. What is the locus of 
a. a+ y?=0? 
b. (@ — 2)" + (y +8) = 
12. Show that «*+ 7? + 6 = 0 has no real locus. 
13. Plot by factoring tne loci of 


a. xy =O. 
by +5y—6=0. 
c427—-y=0. 


da.42°—y?—8xe+4y=0. 
e2—y+10xe—2y7+24=0. 
f Get+2yyr+ Bxe+2y)=2. 
go 22—B8ay+4ue=6y. 

a (227+ y? — 25) (2? + y? —16)= 0 
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14. What is the locus of (x — k)(y—k)=0 if k is allowed 
to take on all positive and negative integral values ? 
15. Write a single equation whose locus is the pair of lines 
a. Whose equations are x — y= 0 and «=— y. 
b. Whose equations arex —2y=6and 2a+y=4. 
c. Which are parallel to the y-axis and which have the 
x-intercepts 2 and — 2. 
d. Which pass through the point (1, 2) and have slopes 
-l1 and +1. 
16. Find the equations of the bisectors of the angles between 
the lines defined by 22?— 5ay—37°+122+6y=0. 


30. Derivation of Equations. In order to find the equa- 
tion of a given curve or of the locus of a point satisfying 
certain given conditions, it is customary to draw a figure 
showing the data of the problem, to take a general point 
P (a, y) satisfying the given conditions, and to express 
these conditions in the form of an equation containing 
x and y and no other variables. The following examples 
illustrate the method: 


Exampe te 1, Find the equation of the circle with the center 
at (10, 0) and with the radius 10. 

Solution. Let P(a, y) be any point on the circle of radius 10 
with center at C (10, 0). Then CP =10, by the definition of 
a circle. 

But CP=V(«—10)7+¥ 
by the distance formula. 

Hence V(a — 10)?+ y* = 10. 


After squaring and simplifying “0 
we obtain 
v?+ y?— 20x” = 0, 
which is the required el hari of 
the circle. amy -} Prd, 88 
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Exampte 2. Find the equation of the locus of a point 
equidistant from the line y=— 8 and the point (6, 2). 


Solution. In the figure the given point is 4 and the given line 
is BC. Let P(a, y) be agen- 
eral point which seems to 
fulfill the condition of the 
problem. Since P is to be 
equidistant from A and BC, 
we draw AP and theline EP 
perpendicular to BC. By 
the statement of the prob- 
lem these lines are equal; 
that is, 


Fie. 39 


AP ==" EPs 
We can replace AP by V (@ — 6)? + (y — 2)3, using the dis- 
tance formula. 
Moreover, EP=EF+FP=8+4y. 
Therefore J (@ — 6 + (y— 2)?= 8+ y. 
Squaring and simplifying, we have 
20 y= 2? —124% — 24. 


The graph should now be plotted on the original figure, so 
as to show its shape and relation to the given point and line. 


Exampte 3. The ends of a line of variable length are on 
two fixed perpendicular lines. Find the locus of the mid-point 
of this line if the area of the triangle thus formed is 24. 


Solution. The perpendicular lines should be taken as the 
coérdinate axes. . Let AB be one of the positions of the variable 
line and take P(x, y) as its mid-point. The conditions of the 
oon a AP=PB and area of AOB= 24. 


The latter equation gives at once 
OA - OB 


aie 24, 
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We must now express OA and OB in terms of wand y. Draw 
the codrdinates of P, EP =x and FP = y. The figure suggests 
the theorem of plane geometry that a straight line parallel 
to the base of a tri- 
angle and bisecting one 
side bisects the other. 


B 


Hence 
OA=20F=22 
and OB= 2 y. 


Substituting above, 
we get 


2 ay = 24, 
or ey ==) 12s 


Fie. 40 


which is the equation of the locus. The curve can now be 
drawn in the usual manner. 


Nore. In none of the above examples is it shown that the equa- 
tion obtained is satisfied by the coérdinates of no point not on the 
locus, or, what amounts to the same thing, that every point whose 
coordinates satisfy the equation lies on the locus. This can be done 
by simply retracing the steps in the derivation of the equation in 
reverse order. This, however, is seldom necessary. 


| PROBLEMS 
1. Find the equation of the locus of points equidistant from 
a. (— 3, 6) and (10, — 2). c. (9, 6) and (15, — 6). 
b. (A, 4) and (4, 1). d. (0, 6) and (4,-2), 
2. Find the equation of the locus of points equidistant from 


a. The point (— 6, 0) and the line x = 16. 
b. The point (0, 8) and the line y = 5. 
c. The point (1, 4) and the line y = 0. 
d. The point (8, 6) and the line x = 12, 


— 
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‘3. Find the locus in each case of Problem 2 if the distance 
from the point is always two units greater than the distance 
from the line. 

4. The base of an isosceles triangle i is OB, ae O= (0, 0) 
and B is a variable point on the z-axis. Find the locus of the 
third vertex P if the area of OBP is 16. 

5. Find the equation of the circle whose center and radius 


are as follows: é 
a. Center (4, — 5), radius = 10. 


b. Center (— 6, 0), radius = 6. 
ce. Center (0, — 5), radius = 5. 
d. Center (0, 0), radius = r. 
e. Center (h, k), radius = 7, 


6. Find the locus of a point if its distance from the point 
(— 4, 0) is always twice its distance from the point (2, 0). 

7. Find the locus of a point if it is always three times as 
far from the origin as from the-point (4, 4). 

8. The base of a triangle is AB, where A is (— 3, 0) and 
Bis ans 0). Find the locus of the vertex P if the slope of BP 
is 1 unit greater than the slope of AP. 

9. Find the locus of a point whose distance from the origin 
is. a mean proportional between its distances from the. poms 
(2, 0) and (— 2, 0). 

10. The ends of the hypotenuse of a right triangle are (2, 2) 
and (4, — 2). Find the equation of the locus of the vertex of 
the right angle. = 
_ 11. The base of a triangle is AB, where A is (— 5, 0) and B 
is ahs 0). ‘Find the locus of the third vertex edie 


a. (AP)? — (BP)? is a constant, k. 
b. (AP)? + (BP)? is a constant, k. 
c. The slope of BP is & times the slope of AP. 
d. The sum of the slopes is a constant, x. 
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12. The base of a triangle is AB, where A is (5, 0) and B is 
(10, 0). Find the locus of the third vertex P if the median 
from A to BP is always 5 units long. 


13. The base of a triangle is AB, where A is (— 4, 0) and B 
is (4, 0). Find the locus of the third vertex P if 


a. One base angle is double the other. 

b. The sum of the base angles is 45°. 

c. The difference of the base angles is 45°. 

d. The difference of the other two sides is always 6. 
e. The sum of the other two sides is always 10. 


14. Two vertices of a triangle are A (— 2, 3) and B (6, a). 
Find the locus of the third vertex C if 


a. The slope of AC is 2 less than the slope of BC. 
b. The slope of AC is one half the slope of BC. 
c. The sum of the slopes of AC and BC is 0. 


15. Two vertices of a triangle are (0, 0) and (6,0). Find the 
locus of the third vertex if 


a. The sum of the slopes of the sides of the triangle is 0. 
b. The slope of the median from (0, 0) is 1 greater than the 
slope of the median from (6, 0). 


c. The median from (0, 0) is always perpendicular to the 
opposite side. 


31. Intersection of Curves. As in the case of straight 
lines, it follows from the definition of the equation of a 
curve that if two curves intersect, the codrdinates of each 
common point must satisfy both equations.. Hence, to find 
the points of intersection of two ee ‘solve the equa- 
tions simultaneously. 

If the results obtained by solving the equations simul- 
taneously are imaginary, there is no point whose codrdinates 
satisfy both equations, and the curves do not intersect. 
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Examprte. What are -the points of intersection’ of the 
curves whose equations are z?+ y?= 36 and 27=5 y? 


Solution. The successive 
steps in solving the equa- 
tions simultaneously are 

Sy+y7 = 36; 
y+5y—36=0; 
y+ 9)y—4)=9; 
y=—9or4. 

Substituting these values 
in the equation 27= 5 y, we 
have for y= 4, 

e=+v20=4 447; 
for Ye 9, a= V— 45. . 
Thus there are two common points (4.47, 4) and as 4,47, 4). 
The graphs furnish a convenient check. 


Fig. 41 


PROBLEMS 


Find the points common to the loci of the following equa- 
tions and plot the loci. If the solutions are fractional or irra- 
tional, express the results to the nearest tenth. 


1.4%—-y=4, 6. y= 2*—62+8, ily po 
yi—8a=0. y=3n—9. ol 
2.27+7?= 41, 7. 27+ 47 = 16, 
4%—5y=41. ry 7. 12. y = 2°, 
3.427+97°=36, 8. a?— 7? = 64, yH=ur+2a. 
427+ 3y= 30. x—2y=0 satan : 
4.2% + y=7, 9. a? — y? = 64, > a yergyo Bi 
y — 81=0, 22—y=0 
5.27+y°=64, 10.07=y, 14.3y=2°— 62, 
a+2y=2. faze c+y=0. 
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15. Find the points on the line whose equation is a — 7 y = 34 
which are 5 units distant from the point (2, — 1). 

Hint. First find the equation of the circle whose radius is 5 and 
whose center is (2, — 1). 


16. Find the length of the chord of the circle 27+ 7 = 64 
cut off on the line « + y = 2. 

17. Find the distance, measured along the line y = 2 x, from 
the origin to the ellipse 4 77+ 9 y? = 36. 

18. Find the codrdinates of the points 4 units distant from 
(1, 5) and 5 units distant from (— 3,4). 

19. For what values of m will the line y = mz fail to meet the 
curve y=2?+ 5? 


MISCELLANEOUS PROBLEMS 


1. The equation of an ellipse 160 yards long and 80 yards 
wide is xe? iy 
6400 * 1600" 
Plot this curve, taking values of x at 20-yard intervals, and find 
by a proper drawing whether or not this field will contain a 
rectangle 100 yards long and 50 yards wide. 
2. For what values of m will he line y = ma cut the eins 


of the equation r 


YTits 
in three points? Plot the curve and the line for the case 
that m = }. 

3. Plot carefully on the same axes the graphs OL, 4? =='8 2 
and y=2+62#-—2*% From the graphs estimate, correct to 
tenths, the codrdinates of the points of idbeteedtign: What 
difficulty is met with if it is attempted to find these by solving 
the inten i simultaneously ? - 

. Treat in due sameway as in Problem 3 the equations 


8 2 
ge Py 5 and g=5- 
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5. The radii of two circles are 6 and 8, and their centers 
are 10 units apart. Take the centers in a convenient position, 
find the equations of the circles and their points of intersec- 
tion, and get the length of the common chord. 

6. Prove that the equation of a circle whose center is (h, &) 
and whose radius is r is (a — h)?+ (y—k)?= 

7. Plot the system of curves whose equation is z?+ y? =r 

8. A point moves in such a way that the sum of its dis- 
tances from the two points (3, 0) and (— 3, 0) is always 10. 
Find the equation of its locus and plot it. 

9. A point moves in such a way that the difference of its 
distances from the points (5, 0) and (— 5, 0) is always 8. 
Find the equation of its locus and plot it. 

10. Plot on the same axes three curves of the system whose 
equation is y* = ka. 

11. The base of a triangle is AB, where A =(5, 0) and 
B= =(— 5,0). Find the equation of the locus of the vertex if 
the ual angle is 45°. 

Hint. Use the formula for tan 6, § 14. 


~ 12. Plot the graph of 7? = az’? — 2°. 

13. Plot on a large scaley=a*—2?— 42+ 3forz ranging 
from — 2 to 3, and estimate from the graph the values of x 
which make y zero. 

14. Plot carefully the graph ‘ioe y = x’ and draw the straight 
line y=2a2+5. Estimate the abscissas of the points of inter- 
ae and show that these are the roots of the equation 

—2x—5=0. Hence state a method of hie any quad- 
te graphically. 

15. Using the method at in Problem 14, solve graph- 


pay ue quadratics ” ee ee ee 
b. 2 w’?—6xe2+1=0. 


“16. If the parabola and the straight line in Problem 14 did 
“not meet, what could be said of the roots of the quadratic ? 


CHAPTER III 
SLOPE AND DERIVATIVE 


32. Functions. Let us consider the coordinates of a point 
moving along a curve, as in the adjoining figure. As the 
point P moves, the values of the codrdinates x and y are 
variable and are mutually de- y 
pendent. For each value of 
2 there are one or more defi- 
nite values of y, and likewise P(x,Y) 
for each value of y there are 
one or more definite values x 
of 2 In this case we say 
that y is a function of 2 and 
vice versa. More precisely, 
we have the definition: Fia. 42 


If one of two variables has one or more definite values corre- 
sponding to each value given to the other si the first 
variable is a function of the second. 


Although for the present we shall confine our discussion 
chiefly to the case in which the variables are the codrdi- 
nates of a point on a curve, there are many other instances 
of functional dependence. The volume of an expanding 
sphere is a function of the radius. The velocity of a fall- 
ing body is a function of the distance through which it has 
fallen. The premium paid on a $1000 ecg policy 
is a function of the age of the insured. 

70 
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_ When the conditions of the definition are realizea, the first 
variable is called the dependent variable or the function; and 
the second variable is called the independent variable or the 
argument. It, in the case of a moving point on a curve, we are 
considering the ordinate as depending upon the abscissa, y 
is the dependent variable and z is the independent variable. 

33. Functional Notation. To indicate that y is a function 
of z, we write y= f(x). This is read as “ y equals f of 2,” 
or “y equals a function of 2,” and must not be confused 
with y=f-2. Similarly, y= f(a, t) denotes that y is a 
function of the two variables x and t. 

Furthermore, the notation y=f(a) may be used to rep- 
resent the particular way in which y is related to x. For 
example, if y=2*°—2?+5a2—6, we may represent this 
equation by y=f(%), in which case f(x) stands for the 
expression 2°— 27+ 5x—6 throughout the discussion. In 
short, the symbol f(#) may be used to represent any mathe- 
_ matical expression involving z as a variable, or any quantity 

which is a function of z. To denote several different func- 
tions of z, we use various letters, as f(x), g(x), > (2), ete. 
If f(@) represents a certain expression, f(0) is used to 
denote the’ value of that expression when 0 is substituted 
for x; f(— 6) is used to denote the value of the expression 
when — 6 is substituted for x; etc. 
For example, let 


Ff (@) =14 22-27. 
Then f(0)=1+0—0=1, 
f(8)=142-3—-8=-2, 
f(—6)=14 2(— 6) -(— 6)"=— 47, 
f@=14 2-4, 
f(2e)=1+2(22)—-(22)?=1+427—42’, eta 
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To write an equation containing x and y in the form 
y= f(z) means simply to solve the equation for y in 
terms of xz. If, for example, we wish to write 27+ y=62z 
in the form y=f(a), we obtain y=62—2* Similarly, 
z=9(y)=84V9—y. 

34. Increments. Jf a variable changes from one numerical 
value to another, the difference found by subtracting the first 
value from the second is called the increment of the variable. 
Thus, if z is first taken as 4 and then as 7, the increment 
of z is 8. The term increment is used even when the vari- 
able decreases; thus, if x is first 4 and then 3, we say that 
the increment of x is 83—4=—1. 

It is customary to denote an increment by the letter 
A (delta) prefixed to the letter designating the variable; 
thus, Av denotes an increment of z, Ay an increment of y, - 
Af (x) an increment of f(z), ete. It should be noted that 
the symbol Az is a composite symbol, not to be treated as 
A times x.» For example, x - Az means a times Av and may 
‘not be written A-a?; and AvAy cannot be combined as 
A’vy. Furthermore, if Az is negative, it is not written 
— Az, but is treated like any other algebraic quantity. 

If y is a function of 2, and 2 takes on an increment Az, 
then y will take on a corresponding increment Ay. In order 
to calculate the increment Ay we proceed as follows: 

Suppose that y= f(x). If zis given a new value, x +Az, 
y will acquire a new value, ¥+ Ay=f(x+Acz). The incre- 
ment Ay is obtained by subtracting the old value from the 


new; hence Ay =f(@+ Ar) —f(2). 
Exampte 1. If y=a*— 6a, compute Ay when a = 2 and 
Az = 0.3. 
Solution. When x = 2, 
y=f(@)=2-—6.2=4-12=— 8. 
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Since Ax = 0.3, 
z+ Ax = 2.3 
and y + dy = f(e + Az) = (2.3)? — 6(2.8) =— 8.51, 
Subtracting y from y + Ay, we have 
Ay=-— 8.51—(— 8)=— 0.51. 
Exampte 2. If y=a?— 62, find Ay for any x and Az, 
Solution. When x = x, 
y =f (a) = «2? — 6a. (1) 
When « = x + Ag, 
y + Ay=f(@ + Ax) = (a + Ax)? — 6 (x + Az) 
=o? + 2aAa + (Ax)*— 6x —6Az. (2) 
Subtracting equation (1) from equation (2), we have 
Ay = 2 xAx + (Axv)?— 6 Az, 
which is the result desired. 

‘The value of Ay for particular values of x and Av may 
be obtained by substitution in the result just obtained. 
For example, if we set = 2 and Av= 0.3, we obtain 

Ay= 22) (0.8) + (0.8)?— 6 (0.8) 
=— 0.51, 
as in Example 1. 


Nore. In these examples and the preceding paragraphs we have 
merely clothed a familiar problem in new language. To speak of the 
incremeut Ay corresponding to the increment Az is another way of 
speaking of the change in y due to a change in x. ‘Thus Example 1 
can be worded in more familiar language as follows: If y = 2?— 62, 
how much will y change when z changes from 2 to 2.3? 

_. By the introduction of the symbols Az and Ay we are able to deal 
more precisely with changes in functions, as will be shown later. 
We have already seen in Example 2 how we can generalize the sim- 
ple problem of Example 1 by the aid of these symbols. 


! 
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PROBLEMS 
1. Write in the forms y= f(a) and a = g (y) the following 
equations : 
a. 2?+2y'=4, ay=3a—2 
b. 2? — y= 16. a. fea — 22°. 
2. If y = f(a) is the equation of a curve, show that the ordi- 
nate of the point whose abscissa is — 2 is f(— 2). 
3. If y=g(a) is the equation of a curve, show that the 
y-intercepts of the curve are the values of g(0). 
4. If y=f(«) is the equaticn of a certain curve, what is the 
graph of the equation y= 2+//(x)? 
5. Find 
ee” as f(0) and f(— 1) if fe) = VIF Fa. 
b. f(V2) and f(— 6) if f(t) = 6 — 32. 
c. g(0) and (3 =) if g (0) = “ini 6. 
d. (a) and ¢(— 2) if ¢(x) = Va? — a? — a. 
6. If f(a) = sing, prove that 


a. f(w — 2) = f(z). 
b. f(2«) = 2 f(@) V1 = [F@)P 


7. If $(x) = a*, prove that $(x) -d(y) = o(a@+y). 

8. Find the increments of the following functions for the 
indicated values of the independent variable and of a6 inere- 
ment of the independent variable: _ 

a. eho 24+8a2—27; =2, Ax = 0.1. 
= V25 — 2; «= 8, Ax = 0.2 


patty v=5, Av= 04. 


d. f(t) =1— 27; ere At = 0.3. 
Cys eee eel iba Ax = 0.25, 
frz=4u— wy u=2, Au =— 0:2.) 
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9. For the following equations find Ay in terms of x and Az: 


a.y=4e?—5ax. c. y=16— 2%. ey=e+iba— 6. 
y=, d. xy = 36. f. y= a0? + be+e, 


35. Direction along a Curve. The most striking charac- 
teristic of a curve is, of course, that it is not straight; in 
other words, a point moving along a curve is constantly 
changing its direction of motion. The direction of motion 
at a point is considered to be along the tangent to the curve 
at that point. This axiom is based upon experience, for 
bodies moving in a curve always tend to move along the 
tangent, or, as we sometimes say, “to fly off at a tangent,” 

-unless kept in the curyed path by some force. 

In order to make our work general, we must give a 
definition of tangent which is different from that used in 
elementary plane geometry. The definition which we shall 
use is as follows: 


The tangent to a curve at the point P ts the limiting position 
of a secant through P and a second point Q on the curve, when 
_ Q approaches P as a limit. 


In the figure, Q, Q’, Q", 
Q!"' are several successive 
positions of point @ as it 
approaches P. Evidently 
the secant PQ rotates about 
P and approaches a limit- 
ing position PZ where it 
just touches the curve at P. 

The definition of tan- Fie. 43 
gent used in elementary 

- geometry —namely, as “a line touching the circle at one 
and only one point ” — must be modified for other curves, 


as the following figures show. 


76 INTRODUCTION TO THE CALCULUS 


In figure (a) the line 7PM is tangent to the curve at 
the pein P. The tangent “touches” the curve at P, but 
also “cuts” it again at J. 

In figure (6) the line TP is tangent to the curve at P. 
The tangent “cuts” fia curve at the point of tangency 
instead of “ touching ” 


T 


(6) 
Fie. 44 

In the case of the circle both definitions give the same 
line, as may be seen intuitively, and as will be PEO TRE 
later (§ 94). 

36. Slope of a Curve. The slope of a curve at a point is 
defined as the slope of the tangent at the point. Simi- 
larly, the inclination of a curve is the inclination of the 
tangent. The slope of a curve, unlike that of a straight 
line, changes from point to point. 

We can approximate the slope of a curve at any point P 
by taking a point @ on the curve near P and getting the 
slope of the secant PQ. Let us take as an example the 
curve whose equation is y= f(#) = 4x —2* and try to find 
its slope at the point P(a, y,)=(1, 8). Taking Q(z, y,) 
as the point whose abscissa is 1.1, we find that 

Y,=fA1) = 4.4 —1.21= 3.19; 
that is, @ is (1.1, 3.19). By the slope formula, the slope of 
BON 3.19-3  .19 ' 
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The figure shows that the slope of the tangent cannot be 
very much different from this number. 

Af 7,=1.01, y,= 3.0199. For this position of Q the slope 
of the secant is 1.99. If @ is taken as (.99, 2.9799), 
we find that the slope of the secant is 2.01. It appears 
probable, then, that as Y 
approaches P the slope 
of PQ approaches 2, 
which we assume is the 
slope of the tangent 
PT. In other words, at 
P the point tracing the 
curve is rising twice as 
fast as it is moving to 
the right. T 

The method just em- OD 
ployed is open to two 
objections : first, it is Fie, 45 
tedicus; secondly, we 
have not really proved that the slope at (1, 8) is 2 (it 
may be 1.99998). Both these objections are met by the 
use of increments, as will be shown in the following 
sections. 

_ 87. Exact Slope of a Curve at a Given Point. With the 
aid of increments we are able to find the exact slope of a 
curve at any given point. To make the problem definite, 
let the equation of the curve be y= 2’ and let the point be 
Pi, 1). If Q is another point on the curve, its abscissa is 
1+Az, where Az is the horizontal distance from P to Q, 
— and its ordinate is 1+Ay, where Ay is the vertical distance 
from P to Q. The slope of the secant PQ is easily seen to be 


a either by use of the slope formula or from the figure. 
« . ; 3 o 


| 
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Now the tangent at P is defined as the limiting position of 
the secant PQ as Q moves along the curve and approaches P as 
alimit. ButasQ— P,* Ar—+0. (Does Ay—>+0?) Hence, 

Slope of tangent = limit of slope of secant 
= limit of SY as Ax —> 0. 
Az 


y 


Hence, if we can find an expression for a and calculate 


its limit as Ax —» 0, we can find the slope of the tangent to 
the curve at the given point. 


(i+Az,1+Ay) 
Ee 


Fia. 46 


In order to do this we make use of the fact that the 
coérdinates of Q@ must satisfy the equation of the curve. 
Then 1+Ay=(+Az)’, 
whence Ay = 2 Ax+(Az)*. 


Dividing by Az, se eas 
which is the slope of the secant PQ. | 


* The symbols— and = are used forthe word approaches. The former 


is preferable, as it is not easily confused with the sign of equality. 
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’ From this equation it is apparent that oe 2 when 
| 2 


Az—> 0. Hence the slope of the tangent to the curve y = 2” 
at the point (1, 1) is 2. 

If we consider the above work as a whole, we see that 
there are two principles involved, and they should be mem- 
orized. They are 

Ay 


1. The slope of any secant through P is ae 


2. The slope of the tangent at P is the limit of oy 
as Ar — 0. a 

In order to show the essentials of the work in condensed 
form, another example will be given. 


Exampiz. Find the slope and inclination of the tangent 
to the curve whose equation is y= 4a — a at the point (1, 3). 

Solution. Let m denote the required slope and let Q be a point 
on the curve, with codrdi- 
nates (1 + Az, 3 + Ay). 


1+Aa, 8t+Ay) 


Then 
3+ Ay = 4(1 +Az) 
— (1+Az)? 
=4+4Az—1 
— 2Ax— (Az)*\\ 
= 3+2Ax —(Az)?. 
Hence ..- 


Ay = 2Aa — (Az)?, 
Ay 
and ee “ee i Fre. 47. 
Letting Ax approach 0, we have 


m= 2. 


(Compare this result with § 36.) 
The inclination is found from the tables to be 63.43° (63°26'). 
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In drawing a tangent always use the method of § 12. 
That is, since the slope is 2, the tangent rises at the rate of 
2 vertical units per horizontal unit, or 10 vertical units for 
every. 5 horizontal units, etc. 

38. Slope of a Curve at any Point. Let us now consider 
the problem of finding the values of the slope at several 
points on a given curve. The method explained in § 37 
permits us to find the slope for each point, but we must work 
the problem as many times as we have points. This may be 
avoided by finding a general formula for the slope at any 
point. How this is done is shown in the following illustra- 
tive examples, which should be compared with that of § 37. 


Exampte 1. Find the slope of the curve whose equation is 
y=4x—2x": (a) at any point; (6) at each of the points whose 
abscissas are 1, 2, and 3. 


Solution. Let P(a, y) be 
any fixed point on the curve 
and let Q(a-+Az, y+Ay) 
be a point on ss curve 
near P. 

Then; from the equation, 


y=4a—2? 
and 
y+Ay = 4(@ +Az) 
— (a +Az)? 5 
=4a+ 4Az — 2? it 
—2xAdx—(Az)*. — 
Subtracting, Ay = 4Ax — 2 2Ax — (An)? 
Dividing by Ax, we have’ 
rae =4—-—22”— Ax, 


which is the slope of the secant PQ. 
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But, by § 37, the slope of the tangent is the limit of ~ 
x 
as Ax approaches 0. In this case the limit is obviously 4 — 2 2. 

Hence, if m represents the slope at any point P(a, y), 

m=4—22. 

To find the slopes at the particular points mentioned in (6), 
we simply substitute the values of # there given, obtaining the 
following results : 

For c= 1, m=4—2=2. 

Ory, = Zs m=4—4=0, 
‘ i For « = 3, m=4>-6=— 2. 
These results may be checked by drawing the tangents at these 
points in the above figure. 
' Exampte 2. Find the slope of the curve whose equation 
is xy = 24: (a) at any point; (0) at each of the points whose 
abscissas are 1, 2, 3, 4, 
6, 8, 12. 

Solution. Proceeding as 
in the previous example, 


24 
{ee reap: 
ee 24. 
y+ ay x+Au 
Subtracting, 
_ 24 - 24 
Y x+Ax A 
_ —24Az 
~ a(a + Az) 


Dividing by Az, pines 


Letting Ax— 0, m = 
which is the slope of the tangent at. any point. 


~ 
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The values of the slope at the points specified in (6) may be 
obtained by simply substituting in the expression for m. They 
are tabulated below : 


The figure shows the tangent at (6, 4). 


PROBLEMS 


1. Let y= }2°— +1. Find the values of y corresponding 
to*=2and «= 2.5. If xis first 2 and then 2.5, what are the 
values of Av and Ay? Plot a small are of the graph of the 
equation on a large scale and mark the segments correspond- 
ing to Az and Ay. 

2. In Problem 1 find the aha of the secant through the points 
whose abscissas are 2 and 2.5. Is this greater or less than the 
slope of the tangent at the point whose abscissa is 2? Is ita 
good approximation ? How can a better one be obtained ? 

3. The equation of a curve is y=5+4x2—a% Find the 
slope of the secant through the points whose abscissas are 4 
and 4.2. Plot a small are of the curve on a large scale, draw 
the secant, and mark the segments corresponding to Az and Ay. 

4. If zy =— 6, x = 8, and Aw = 0.2, calculate the values of 

y+Ayand Ay. Illustrate by a graph. 

5. Show that the distance formula of § 7 may be written in 


the form : ia (Kay + (Ay) Bay +( Ay 


6. Find the slope of the tangent to the given curve at the 
given point for each of the following equations. Find also 
the slope of the secant line. for Ax = 0.5. In each case draw 
the curve, the tangent, and the secant line. 

a. y= 2", at (— 2, 4). |. c y= 2% —2%, at (1, 1). 


b. y= 2? 3a, at (3, 0). - d. y= => at (1, 1). 
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%. Find the exact slope of each of the following curves at 
the point indicated. In each case check the result by drawing a 
figure, showing the curve and the tangent with the proper slope. 


a.y=22?—2,x2=1. en a*y = 24, 2 = 4. 

ba y=e?-—Txe+3,2=4. fy=2—2—2,2=2. 
bist tt’, 2.2 0, 0.07,=:12, 7A. 
aya era a4, hAy=4—2,2=1. 


8. Find the inclination of the tangent to the curve at the 
given point in each case in Problem 7. 

9. Find the slope of each of the following curves at any 
point P(x, y). From this expression find the slope at the given 
points. In each case draw the curve and the tangents. 

ay=2?—32; x=0,3. 

b y=2*?; x=—1,0,+1. 

Ghy 2d a: xi iia; 1,/2: 
d.y=2?+5xe+4; e=—4,-1. 
e. ey=—12; «= 2, 3,4, 6. 
fy=107°+32; «=0, —6, —12. 
g. y=427; x=—1,0, +1. 
hy=44+32—2°; «= 0, 3, 3. 


iy =— 25 ee te 


jey=e—a+4;x=0, 3 
4 

ch ile acate 
Ly=2; 27=— 2, —1, 0,1, 2 
my =8 — 207; «=— 2, —1, 0,1, 2 
ny=2?—9; x =— 3, —1, 0,1, 3. 
ay=e+4a; ¢4=— 3,—1,0,1,38 
p y= — 32; 2=— 2, —1,0,1,2 

1 5 a 
Wey = 5) 2=— 2, 1,—-57971,2 

Peal 


~ 
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39. Limits. In the previous section we obtained the slope 
of a tangent by regarding it as the limiting position of a 
secant. The idea of a variable approaching a constant as 
a limit occurs in elementary geometry, where the area of a 
circle is defined as the limit approached by the area of a 
regular circumscribed (or inscribed) polygon as the num- 
ber of sides is increased indefinitely. Another example is 
found in the sum of the geometrical progression 


Lae w 1 
§ (= 1 F gtr tai Boe 
where the sum S is a function of n, the number of terms 
taken. As the number of terms is increased indefinitely 
the sum approaches 2 as a limit. 
In order to make definite the idea of a limiting value 
of a variable, we give the following definition : 


The variable v is said to approach the constant 1 as a limit 
when the numerical value of the difference v —1 becomes and 
remains less than any fixed positive number, however small. 


In applications of the preceding definition two variables 
are usually involved: (1) an independent variable which 
may be made arbitrarily to approach some constant as a 
limit, and (2) a dependent variable whose behavior is to 
be examined. If we call the independent variable 2 and 
the dependent variable v, which is a function of z, the ques- 
tion is to determine what constant value, if any, will be 
approached by v when z approaches some particular value a. 


If v approaches 7 when z approaches a, this fact is expressed - 
by the notation : Ly 

lim v = 1, 
read “ The limit of v, as z approaches a, is 7.” For example, 
if v=cosz, lim v= lim cosz=1. 


220 z70 
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40. Theorems on Limits. In finding the limits of func- 
tions, it is convenient to use the following theorems, which 
are here stated without proofs. In each theorem the vari- 
ables mentioned are supposed to be functions of a single 
independent variable. 

Theorem I. The limit of an algebraic sum of any number 
of variables is equal to the same algebraic sum of their respec- 
tive limits. 

Thus, if wu, v, and w are functions of z, and if u—> A, 
v— B, and w—>C as z—> a, then 

lim (u + — w)=lim w+ lim v — limw 
| =A+B-C. 

It should also be noted that the theorem applies if one 
or more of the variables are replaced by constants. Thus, 
if «=k and v is a function of z for which limv=B, then 
lim(k + v0) =k+B. ee 

Theorem II. The limit of the product of any number of 
variables is equal to the product of their respective limits. 

Thus, with the notation above, 

lim wow = (lim x) (lim v) (lim w) = ABC. 

Also, if & denotes a constant, 

lim kv =k (lim v)=kB. 

From this theorem we may deduce also the following 
corollary: The limit of the n” power of a variable ts the 
n™ power of the limit. 

Theorem III, The limit of the quotient of two variables is 
equal to the quotient of their respective limits, provided the 
limit of the denominator is not zero. 

Thus, with the notation used above, lim “ =2 ,if B#0. 


2-0 


If B=0 and 4+ 0, the quotient has no limit, but becomes 
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infinite as z—>a. If both A and B are zero, the limit is 
indeterminate, and can be evaluated only by some suitable 
transformation of the quotient (see example 2 below). 

41. Evaluation of Limits. In applying the above theo- 
rems to the evaluation of the-limit of a function, we meet 
with problems of varying degrees of difficulty. Let us 
consider some examples. 

1. If v=2’, the determination of the limit approached 
by v when z approaches any constant value a presents no 
difficulty, and we may write at once 


lim v = a’, By Theorem IT, § 40 


za 


2 
2.Ifv= a2 , the determination of the limit approached 


by v when z approaches 2 cannot be made by direct applica- 
tion of Theorem III, because we should get $, a meaningless 
expression. The limit is best determined by transforming 
- the expression as follows: 


ga A\in(e 429 (258) 


Coe Th tp Swe By ONY Hinge 
It is now obvious that limv=4. By Theorem I 
z92 


If there is difficulty in understanding how the limit of 
a fraction can be definite, although both numerator and 
denominator approach zero, consider 
the adjoining figure. In this figure 
Pris tangent to the curve at P, and 
AC is perpendicular to PS at 4. As A 
approaches P, B moves along PR, and 
C moves along the curve. Evidently P 
both PA and AB approach zero, but Fic. 50 


their quotient, Pa’ is a constant, being equal to tan RPS. 


iA 
Hence lim — = 
im Pi tan BPS. 
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2+4 


3. Ifv= 2” the determination of the limit approached 


by v when z approaches 2 presents another type of diffi- 
culty. Suppose that 2 starts with the value 8 and is made 
to decrease toward the value 2. 
Corresponding values of v are 


shown in the table. As z ap- 13 
proaches nearer and nearer to teat 20.5 
the value 2, v becomes larger and : 84.1 
larger and approaches no fixed : 804.01 
number as a limit. Although 2.001 8004.001 


in this case v approaches no 
limit, it is convenient to use the limit notation to express 
the fact that v increases indefinitely as 2 approaches 2 as a 
limit. This is done by writing 

lim v=o. 

2-2 
This expression is often read “» becomes infinite when z 
approaches 2 as a limit.” It should be clearly understood 
that v does not approach a limit and that the symbol 0, 
called infinity, does not represent a number. 

It is in this same sense that the expression ii = is to 


be understood. Tt is ‘impossible to divide a number by 
zero. “But it is possible to divide a constant by successive 
values of a variable which approaches zero as a limit, in 
w! nich case a@ a. Oe we write. x 


for which feta <0 is alee an abbreviation fréquently ie 


The. common expression ‘ any number divided by zero is 
infinity” is used to ‘mean’ * the quotient of any number 
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(different from zero) divided by a variable z becomes 
infinite when z approaches zero as a limit.” 

A similar meaning is to be attached to the phrase 
“tan 90°= 0”; namely that tan z increases indefinitely as 
z approaches 90° as a limit. 

4, Examples in which the dependent variable approaches 
a limit when the independent variable approaches no limit, 
but increases indefinitely, are furnished by the definition 
of the area of a circle and by the sum 

FEAL «yeh 1 
S@=1t5t7Ztgt v° Toa! 
already cited. In the latter case, to express the fact that 
S(n) approaches 2 as a limit when n increases indefinitely, 
the notation used is 
lim S(n) = 2. 

42. The Derivative. A study of the process of finding 
the slope of a curve at any point, as developed in § 388, 
will show that it may be regarded as a purely algebraic 
process, without reference to the geometrical problem which 
it is used to solve. As we shall see later, the limit of 
Ay 
Az 


given a special name. We have, therefore, the following 
definition : 


has many other, uses, and for this reason it has been 


If one variable is a function of a second and.¢f the incre- 
ment of the first is divided by that of the second, the limit of 
the quotient, as the second increment approaches zero, is called 
the derivative of the first variable with respect to the second. 

Thus, if y= (2), the limit of at, as Ax approaches 0, 


is the derivative of y with respect to a 
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Notation. If y=f(«), the derivative of y with respect to 
z is denoted by various symbols, . the most common , of 
which are 
dy ee 
apo dy/dx, read “dy over dx”; 
- _-y’, read “y prime”; 
J' (a), read “f prime of 2”; 


24), read “d da of f(2).” 


Similarly, if s = g(¢), the derivative of s with respect to ¢ is 
denoted by 3 » #, .g' CO), orf 9 ©: 

Using this notation, we ms write the above definition 
briefly as 


Y=f @)\= a =) oY tim SY. 


Or, since Ay = f(x as —f (x), 
y= =f'@)=F a sf f(@+Ar) —f@). 


Ax + 0 Az 
The symbol 2 =~ “ should not be regarded a as a sfreniion ; it 


is to be used as a ea symbol, just as Az is a single symbol. 

43, Calculation of Derivatives. The process of finding 
the derivative is called differentiation. To differentiate one 
variable with respect to another we merely carry out the 
steps suggested by the definition. 


I. Let y= =f (2). Give x an increment Ax and, by substi- 
tuting x + Ax in the equation defining y, calculate y Ay, the 


new value of y. * 
Il. Subtract y ‘dao y +40 Tae Bitabring Ay in terms 


of x and Ax. 
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III. Divide Ay by Az, thus obtaining the value of at : 
IV. Find the limit of this expression as Ax —> 0, this being 
dy 
the value of he 


Note that this is precisely the method used in § 88 to 
find the slope of a curve at any point. Furthermore, it 
should be clearly understood that during the process of 
differentiation z and y are regarded as having fixed values, 
while Az and Ay vary and approach 0 as a limit. (Com: 
pare Example 1, § 38.) 

Exampre 1. Find “4, ify=2°— 22744. 

Solution. Substituting « + Ax for x, we have 

y + Ay =(@ + Az)* — 2(@ + Axv)+ 4 

= 2+ 327Ax + 3 x(Ax)?+(Ax)®— 2”7—2Axr+4+ 4. 


Subtracting y from y + Ay, 
Ay = 3 x? Aw + 3 x(Ax)? + (Ax)® — 2 Az. 


Dividing by Az, 
Ay 
7s 327+ 3aAxr + (Az)? — 


Let Ax —> 0. The second and third terms of =! will evi- 
dently approach 0. 


dy 28 
Therefore LP 3.x? — 2, 
Exampte 2. If f(t)= 2, find f'(#). 
Solution. f+ 4f(t)= re + At) 


= 
nr 
° 


a 
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Oy 
SO = a At wit 
= At 
t(¢+ = 
Af(t) _ 
At i+ ah + ah" 
Let At approach 0, and we have 
2 
& J, or f" (¢), = a t 


PROBLEMS 
1. Find au for each of the following: 


a. ya’ ott. e. y= 228-322 
4, 
by = 2-27, | aa leh 
y= 2 — a, gy ants 
§ ; 
eet it Beet 


2. If w= F(z), write four symbols for the derivative of u 
with respect to z. 
3. Show that tes a= 42°, 
dx 


at 


4. Find S ; if i 


6. Find s' Ae s=at*?— bt. 

7. Find jf" (@) if f@)= ast? “Al bx +. 
| . 

8. Find F'(2) if F(2)= ak 


9. Find g'(z) if g (%) = az — 2 #7. 
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10. Find y’ if ay = 12. 


11. Find # (o if os 
oe ¢ 
12. Fin ei 
‘ dy ° = - a ; 
13. Find Be if y 24 a 


44. The Derivative as a Slope. Using the notion of deriv- 
ative, we can recast the method given in § 38 in the fol- 
lowing theorem: 


Theorem. The slope of a curve at any point is the deriv- 
ative of y with respect to x. 


Proof.. Let P(x, y) be any point on the curve and let Q bea 


neighboring point on the curve. The codr- T 
dinates of Q are x +Az, y+Ay. Hence Q 
Ay, 
the slope of the secant PQ is 7 re a 
By the definition of a tangent, the tan- P 
gent line PT is the limiting position of PQ Ax 
as Q—> P or as Ax — 0. Fig. 51 
Ay . 


- Therefore the slope of the tangent = lim cil 
But, by definition of derivative, “apie 
eb Ags dy yl 
ak oAx de 
Hence the slope of the tangent is oe 
Exampte. Find the slope of the curve whose equation is 


«+ 2y= 8 at the point where « = 2; also its. inclination at 
that point. 


Solution. Solving the equation for y in terms of z, 
| ; ' 


x 
wl casee 
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Differentiating with respect to x, 
wt 2xAx + (Ax)? 
9 ? 


Bia. 52 


Thus — a is the slope at any point. 

At the given point, x = 2; hence m =— 2. 

Since m = tan a, the inclination is the angle whose tangent 
is — 2, or 116.57° (116° 34’). A eee drawn figure verifies 


the result. 


45. Differential Calculus. The student should not be mis- 
led by the theorem of § 44 into thinking that derivative is 
merely another name for slope. The use of the derivative 
in finding the slope of a curve is only one of many. appli- 
cations, of which others will be studied in later chapters. 
In fact, the study of the properties of derivatives and the 
solution of problems with their aid form a large part of 
that branch of mathematics known as differential calculus. 
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PROBLEMS 


1. Find the slopes of the following curves at the points indi- 
cated, and in each case draw the curve and the tangent (or tan- 
gents) with the proper slope: 


ay = a23-e =1, —1. ——ey=3+2xe—27; c=0. 
by=ev?—5x4+4;y7=0. Soy =(@ — 2); « =8. 
C.yee—4e; x=—1. pee ern 
ad. cy =12; x =— 3.x - eh ah tee Ge A” 
dy 
dz 
to the following curves are parallel to the x-axis, and illustrate 
by a figure. 


a 4y=164122—2'. c. 6y=22°—32°?-1227+ 6. 
b 6y=2°—12. _ aday—e=4, 


2. By setting — = 0, find the points at which the tangents 


3. Write the equations of the tangents at the points given 
in Problem 1. .. 


4. In Problem 1, c, find the slope of the secant through the 
points whose abscissas are 1 and 1.05, and compare your result 
with the one obtained by differentiating. 

5. For the following equations tabulate the values of z, y, 
and m (the slope) corresponding to the values of x given; draw 
the tangents at the points indicated and then draw the curve. 

ay=x—5xe+4; «= 0,1, 2, 2.5, 3, 4, 5. 
by=8a+27; r=—4, —3, —2, —1.5, —1,0,1. 
cay =— 6; 2=0,41,42,43,44,46, 

d. 8y=2'; e=0,+1,4+2,4+3. 


6. Differentiate y = Vz. 
Hint. Rationalize the numerator of a 


CHAPTER IV 
DIFFERENTIATION OF ALGEBRAIC FUNCTIONS 


46. The general method used in the previous chapter for 
finding a derivative is applicable in theory to any function ; 
but in practice the calculation of a.derivative by this means 
involves a large amount of labor, unless the function is of 
the simplest type. Fortunately it is possible to obtain for- 
mulas which may be used for differentiating all the func- 
tions ordinarily met in elementary mathematics. 

In this chapter we shall derive formulas for the differ- 
entiation of algebraic functions; that is, functions involving 
sums, products, and powers of the independent variable z. 
Formulas for the differentiation of trigonometric, loga- 
rithmic, and exponential functions will be found in Chap- 
ters XIV and XV. 

47, Derivative of a Power of x. Application of the gen- 
eral rule shows that Ee 
4 go pe J t=8 = £ t= 4 2°, ete. 

No ow let y =2", where n is any positive integer. Appving 
the general rule of § 43, we have | ; 


I. ytAy=(¢@+Az)". 

The second member may be expanded by the binomial 
theorem, giving 
y thy = 2+ natthe + AD) op *(Az)*+ +--+ (Az) 
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Il. Ay = nw the BOD "-2(Ag)?+ ...-+(Az)" 


Ill. aan gees a or 2(Ar)+-- »+(Ar)y*™. 


When Az approaches zero as @ limit, the limit of the first 
term on the right is na*~', and the limit of each of the 
other terms is zero. Hence, by Theorem I, § 40, 


dy =A 
es =n". 
IV in 


. Hence 
I TS xe = nx" “a5 
@) . 
Corollary. If y=2, “a =1. For in this case n=1, and 
wenbave 2 #=12° by Formula I 


<1, Since 2°=1, by algebra 
This result we write as a separate formula 
i : 

la / —x=1. 

(Ia) on 
_ Norr. This result could have been foreseen by considering the 
graph of y = 2, which is a straight line of slope 1. 

Formula I has been proved only for the case when n 
is a positive integer; but it is valid also when-n has any 
constant value, positive or negative. For Sane os as may 
be verified by the general rule, — 


a id af <2t Varo Oe eas 2 S . 
poy ae 9 er ae ee © a ae 


The proof of the formula-when n is not a positive in integer 
will be found in Chapter XIV. 
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48. Derivative of a Constant times a Power. The deriy- 
ative of kz”, where & is a constant, is & times the derivative 
of 2". That this is true may be seen by reference to the 
proof in § 47. If we there replace y = 2" by y = kz", we find 
that the effect is to multiply the right-hand side of each of 
the following equations by &. Hence step IV will become 


dz 


d 


dy = knz*—1, Oo kex® = kena}, 
dx 


For example, £6 a)=6 -42°= 242°; 


rao 4¢°-*)=(— 4)(— 8) a *=122"*; 


d 
+ (—52)=—5. 


49. Derivative of a Constant. Suppose that y =c, where 
e is a constant. Applying the general rule, we get 


Ie 
IL. 


ja 
Hence 


ay 


ytay= C: 
Ay=. 
SP ai 
Ax 
dy 
—~= 0. 

az 
dc 


In words, the derivative of a constant with respect to any 


variable is zero. 


This result could have been foretold by referring to the 


es geometric interpretation of the derivative. The graph of 


y =c is a straight line parallel to the z-axis, and the slope 


of this line is zero. 
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50. Derivative of a Sum of Functions. Let y=u-+ 2, 
where w and v are functions of z Applying the general 
rule, we get 


I. y+tAy= utAu+v+Ar. 
II. Ay = Au +Aw. 
Ay Aw , Av 
WEE op ON 


When Az approaches zero as a limit, the limit of the 
first term on the right is “, and the limit of the second 
oe 


term is o.. Hence, by Theorem I, § 40, 
2 


dy... Ay 
IV. aa iim 
Ba tonoi a At 
Az 
_ du , dy 
~ dx * dz 
Therefore F 
III et Ae 
(111) Pray ee Tene 


It is apparent that this proof can be extended to the case 
where y is an algebraic sum of any number of variables, 
and the formula may be stated in words as follows: 


The derivative of an algebraic sum of any number of func- 


tions is equal to the same algebraic sum of their respective 
derivatives. 


51. Summary and Examples. The methods and formulas 
of §§ 47-50 enable us to differentiate at sight any poly- 
nomial. We can also differentiate products of polynomials 
and fractions whose denominators consist of a single term, 
by first reducing them to the form of a polynomial. 
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We may therefore easily find the slope of any curve 
which has an equation that can be reduced to the fol- 
lowing form: y equals a polynomial in z. 


Exampre 1. If y = 5ae*—327+64 2271, find an, 
: x 


nae de. d d d 
, Solution. are im A Na FAG Sa as 7) He mC x—*) 
= 200° — 62-2277, By Formula III 


The derivatives of the first, second, and fourth terms were 
found by means of Formula I and § 48. The derivative of 6 
is zero, by Formula II. 


Exampte 2. If y=(22+ 3) (a?— 2), find ot, 
Solution. Multiplying the two polynomials, we have 
y= 20+ 327-4 —6. 
Differentiating, as in Example 1, we find that 
gy =627+62—4. 
dx 
In a later section we shall obtain a method of differentiating 
a product without multiplying the factors. 
Examp.e 3. Find the slope of the tangents to the curve 
2 ' 
whose equation is y = # + : at the points (2, 3) and (— 2, — 8). 


Draw a figure, showing the 
curve and the tangents. 


Solution. Since the slope of 
the tangent to a curve at any 


point is a, we must differen- 


tiate y= a+ 2. This may be 


written in the form. 


y=xt2a%- Fre. 58 


_ 


‘“ 
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Differentiating, we have wl =1—2277 
: a 8 
= a 
Bokelians ¢ = 2 in the derivative, we find that the slope at. 
(2,3) is 1—2 =}. Similarly, the slope at (— 2, — 3) is also }. 
In seals the tangent the method of §12 should be used.: 
Since the slope is }, this means that the tangent rises at the 
rate of } vertical unit per horizontal unit, or 2 vertical units for 
each 4 horizontal units. Hence a second point on the tangent 
at (2, 3) is (6, 5). 
PROBLEMS 


1. Write the following functions in a column, and opposite 
each one write its derivative with respect to the independent 
variable: 5 a‘, 2a-*, 4-Va, 6 at, M7, WT, Oo ye RT ge zi, 


2. Find a for each of the following functions : 


a. y=4a°— 20% — 12. dy =6— Fat 

b. y= 5a" — 3274+ 627%. ey=3a'—72°+11. 

c y=32?— de. Sf. y= an*+ ba +e. 

3. Find 
d 

a. Gg Oe *— 2a"). ce. f' (0), if f£@O = 845-5. 
dz 1 po 6 

b Tikes ie hai d.y\,ity=it+5—3. 


e. p'(a),if d(x) =— 42-5 + 6Va. 
4. Differentiate each of the following functions (in each case 


first reduce to the form of a polynomial by multiplication or 
division): 


ghy toa, d. $l =e 

mn ey=a(a+n2)(a—2). . 
van ehh  fiza(wt2)(2u2-1 
ae Va by ri ree Ae Dn 
c. f(t) =(@ =D. ae 
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5. Differentiate the following functions, and in each case 
compute the value of the derivative for.the given value of x: 


Hj Ege i af 1 sas 
eanrriy oa wet =5 cy=attea tao = 9, 
1 : 
b y= Ve +e = 4. dyn t—2+ian8. 


6. Find uw from each of the following equations. 


Hint. First solve for y. 


a. 2? + 2ay=6. d. Vz +Vy= 
b. xy = 18. e. xy =— 10. 
c. xy — 2x = 5. Su xy = 4, 


7. Find the slope of each of the following curves at the 
point indicated and draw an illustrative figure: 
1008 
a yao 8 aye St. ey 16 a, 
b3y=2%ae—a;2x=10. f.8y=a'—40%; « =3. 
Cc y= e—a?—2ae;4=2. U. ty =12; ow = 72, 3,4, 6. 
d. x’? + 2ay=12; x= 2. hy = 82; 2 = 8. 


8. Differentiate y = 2~* = ‘ , by the A-process. By the same 


ate n—1 
method show that the ative of «—” is maa — ng~*-}, 


: d. 
9. Show by the A-process that if y = a, ae ex 1; 


10. Find a point on the graph of y? = 8x where the inclina- 
tion of the tangent is 45°. 

11. Sketch the graph of y=«a*, Then find the slope of this 
eurve at the origin and correct your graph accordingly. 

12. Show by differentiation that the slope of the line whose 
artic is y= mz + bis m. 
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52. Derivative of the Product of Two Functions. Let 
y = uv, where u and v are functions of x When we give 
2 an increment Az, u and v will have increments Au and Az, 
since u and v are functions of 2; hence y will have an in- 
crement, since it is the product of wu and v. Therefore, 
when we apply the general rule, we have 


Ie y tAy =(u+Au) (vy +Ar) 
= uv + udv + vAu + Audr. 
if; Ay = uAv + vAu + Audr. 
III. ay = “el + st ee ‘ 


During the process of differentiating, the independent 
variable is supposed to have a definite fixed value z,. 
Consequently the functions wu, v, and y have corresponding 
definite fixed values. The quantities which vary during 
this process are the increments Az, Au, Av, and Ay. 

Consider separately the three terms of the second mem- 
ber. The first term consists of a product whose first fac- 
tor does not vary when Az approaches zero as a limit. 
The second factor approaches 2 as a limit. Hence, by 

iz 
Theorem II, § 40, the first term approaches u = as a limit. 
e 
Similarly, the second term approaches oe as a limit. 
2 


The first factor of the third term approaches zero as a 

- limit, while the second factor approaches , Hence, by 
ev 

Theorem II, § 40, the limit of the third term. is zero. The 


A from which 


third term might also have heen written ia 


the same result follows. 
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Finally, by Theorem I, § 40, we have 


dy dv du 
IV. ) ee et ee 
dz ic dx tg) dz 
Hence 
d dv du 
IV — =u— 2 
(IV) iz (uv) =u Wet! as 


In words, the derivative of the product of two functions is 
equal to the first function times the derivative of the second 
plus the second function times the derivative of the first. 


Exampe. Differentiate y = (2x + 3) (a? — 2). 
Seon Here u = 224+ 3 and v= a?— 2. Hence we a7 
and 4 —= 22. Applying Formula IV, we have 
ut = (2% +3) (22) +(a— 2)(2) 
=427+62+4+227—4 
=62°7+ 62 —4. 
Compare this result with that obtained in Example 2, § 51. 


_ 58. Derivative of the Product of a Constant and a Function. 
An important special case of Formula IV occurs when one 


factor is a constant. If w= e, & = 0, by Formula IT, and 
Formula IV becomes 7 


(IV a) 2 (cv) me & , 


In words this may be stated thus: The derivative of a 
constant times a function is the constant times the derivative 


of the function. 
Note that the work of ES is a apial case of For- 


mula IV a. 
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54. Derivative of the Product of Several Functions. If y 
is the product of more than two functions, the derivative 
may be obtained by repeated application of Formula IV. 
Thus, if y= wow, we may write 


y= u(ww).- 
dy a du 
Hence Pe ee ww 
dv du 
= ufo p02] + ow 


Hence 
dw du dv. 
(IV d) £ (wow) = =e w= + wat wu: 
A convenient form is obtained by dividing both sides of 
this formula by uvw. The result is 


du dv dw 
(IVc) S (uvw) ak a dx 


These results can be extended to the product of any 
number of functions. In actual differentiating, however, 
neither of the Formulas IV6 and IVc is often used. It is 
usually better to reduce the given product to the form of 
the product of two functions only. For example, if the 
function is y=xz(a+z2x)(a—82), we transform this into 
y = (ax+2")(a—82) before differentiating. 

55. Derivative of the Quotient of Two Functions. Let 


y a » where u and v are functions of z. Applying the 


general rule, we have 
u+Auw 
v+Av 


I. ytdy= 
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—utAu u 


~ y+Av v 


a Gages Ay 
_ Ww +vAu—w—udy 
v+vAv 
_ vAu— uo 
~ 4 olAy — 
pete 
Ay _ Az Az 


© EFL epee rere 
Az v? + vAv 


By Theorems I and II, § 40, the limit of the numerator as 
Az approaches zero is ae de 


and the limit of the denominator is v%. 


Hence, by Theorem III, § 40, 


IV. SO 
da v 

Hence as at 

(Vv) 4 (3) cams 
dx\v sys 


In words, the derivative of the. quotient of two functions ts 
equal to the denominator times the derivative of the numerator 
minus the numerator times the derivative of the denominator, 
all divided by the square of the denominator. 

Special Case: the Denominator a Constant. If v=h, a 
* constant, Formula V., becomes | is 


= (=F) 
dz\k/ k\dzx/’ 
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which is the same as Formula IVa, where ¢ is replaced 


by : Hence, to differentiate = where & is a constant, 


write - in the form ; (u) and use Formula IVa. 


Examp.eE 1. Differentiate y = —— 


Solution. d d 
ity (a —32)> @+1)—@ +17 @—32) 
dx (a? — 32)? 
_ (#& — 32) (22)—(2? +1) (82 — 3) 
nz (x? — 32a)? 
_—@—6e4+3° 
~ (#&— 32)? 


» by V 


4at— Ta? 


Exampte 2. Differentiate y= 5 


Solution. This may be written as 
y=}(42*—T 2"). 
Hence, by Formula IVa, we have 


ee ee —T2) 
=} (1207-142) 
2 120? 142. 
ney 

5 
40°— 7a? 


sh (4 a* — 7 x) (0)— 6 (12 e* — 14 2) 
i (40°—7 2% ? sae 


_ —10(6'a + 7) 


a(4e—7)* 


Exampte 3. Differentiate y = 


oe 


Solution. 
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PROBLEMS 


1. Differentiate each of the following functions by means of 
Formula IV, and check your answers by obtaining the derivative 
according to the method of Example 2, § 51: 9 
-y=(2%—1)(82+4 2). @. 2=(u'— 2u)(1+2). 
b. y = (a — 4) (2 a — 8). e. f(x)=x(1—2x)(14+2). 

Cc. s=(?—31t) (+42). Si y= (e’?—a+1) (224+ +41). 
2. Differentiate each of the following functions: 


=] 


1\/3 2— Vax 
a.y= *—2\(G+22)- i, _ : 
x oat 
6. = ° k. = . 
7 eee i _@?-—#? 
Toh ae s e+e 
2 
d. y= (3 a5 + 1)(2a? +1). Fin oe 
e. fe) =(a?+ 22)(5+2). nx+y—2ay=0. 
7—V2 
1—7¢+7% 0. f(x) = 
Pa T+V. 
Dicins agree ar 
g. u=(t—1)(€+1) (€4 2). PE NOD Gh 
be Be Py 
Re Wa . OM fncty seer 
Beh = 2) (Ts 2.2) eee 
iy= eon ry aaa 


3. Differentiate each of the following functions, and compute 
the value of the derivative for the indicated value of the independ- 


ent variable : 1 i 
ay=(@+4(3—-)i2=4. dy = 5 & = 3. 
ee 7, ecy=y+2,x=0. 

t+2 

: Ve+1 7 


bike ak ROE = LE, Toca cog 


—. 
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4. Find the slope of the curve whose equation is #7 + 2a2y= 6 
at each point where it crosses the x-axis. 


5. Find the slope of the curve whose equation is y = - i a 
at the point whose abscissa is 2. Also write the equation. of 
the tangent at this point. ~ 


6. Show that the slope of the carve whose equation i isy= “—z 


at the point where x = 3 is — 1. At what other acaciet is-the 
slope also —1? 
7. Msg is the inclination of the curve whose equation is 


y= at the origin ? 


An 


‘ : 2 
8. Find the slope of the curve whose equation is y = 


ay 
at the points where «= 0 and x=+ 2. Also show that the 
limit of the slope as 2 approaches infinity is zero. 


9. Find the slope and inclination of the curve whose equa- 
tion is y =(# —1) (x — 2) (a +1) at the points where it crosses 
the si . 
e+ 3 

3 


at és point where « =— 3. 


11. Find the points where the tangent to the curve whose 
equation is y(1 + #)= 6 is parallel to the z-axis. 


4+¢ 


4 ws Sia 
12. Ii s.= be Sa find the rate at which s is changing with 
respect to ¢ when ¢ = 4. . . 


56. Derivative of a Function of a Function. In Formulas 
III, IV, and V, y is supposed to be a function (sum, 
product, and quotient) of two other quantities uw and v, 
which are themselves functions of a single variable x. This 
idea will be generalized by supposing that y is a function of 
u and that wu is a function of 2, without specifying the exact 
nature of the function in either case. For example, we 


might have:y= Wu, where u=4+2—8 2%. In this case 
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y is said to be a Function of a ae We now proceed 
to derive a formula for obtaining SY = in cases like this. 


Let y=f(u) and w= =9(£)...In Ken if ~ takes on an 
increment Az, u will have an increment Au, since u is a 
function of z The increment Aw will cause y to have an 
increment Ay, since y is a function of u. 

Ay _Ay Au 

Ac AwAz 

If Az approaches zero, Aw also approaches zero; hence 
we may apply Theorem Il, § 40, and the definition of a 
derivative, getting 


By elementary algebra, 7 


dy dy du 
I 
oe dx du dx 


Examrte, Let y= V4+x2—32% We may write this as 
y= ul, where u=4+2—32% Hence Formula VI applies, 


and we have dy 1 4 1 
—_—_ = =U = _—_ 
du 3 3 ut 

dz } 

Hence, by Formula VI, 0 aie BS 
dx 3 us 


A result in terms of « only may be obtained by substituting 
for wu its value in terms of z. 

57. Derivative of a Power of a Function. An important 
special case of Formula VI occurs when y=", where n 
is a constant. .Then, by Formulas I and VI, 

d du. 
(VII) Pillai air Ae | 
This formula will be used constantly, and care must be 


. du 
taken to avoid the common error. of forgetting the factor ae 
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Exampte 1. Differentiate y = V8 a. 
Solution. If this is written as y = (8 «)!, we see that y is 
of the form w", where 
1 du 
u= 82, ag i and a 
Hence, by Formula VII, 
= 582) 4) 


dx 
4 4 v2 


If we write the given expression as y = Siz, we can d‘ffer-. 
entiate by means of Formulas I and IV a, and we obtain 


tv — (V8) 5a ta 3 =U, 


as above. Note that neither method gives as a result 4 (8 a)~?, 
the result of the error alluded to above. 


Exampte 2. Differentiate y = Va? — a’. 


; i du 
Solution. Here u = a* — 2*,n ==) and — =— 2a. Hence, 


by Formula VII, 4 oe 


T 
(22% — 3) 
Solution. This can be differentiated by the rule for a frac. 
tion; but when the denominator is a power and the numerator 
is a constant, it is better to use the power formula, as follows: 


y =7(2 27 — 3)-*. 
= — 14 (22° — 3)-* (42) 


PO AP 
~ (227 — 3) 


Exampte 3. Differentiate y = 


ake 
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58. The Derivative as an Aid in Curve-Sketching. The 
fact that the slope of a curve at any point is given by the 
value of the derivative at that point is of considerable 
assistance in quickly obtaining a fair sketch of a curve. 
Usually, if the points where the tangents are parallel 
to the z-axis are found, a very good idea of the general 
shape of the curve can be obtained by finding two or three 
more points. This is because the points where the tan- 
gents are horizontal are usually (not always) the highest 
or lowest points of the curve in that neighborhood. The 
slope at points of intersection with the z-axis is some- 
times a help. 


Exampte 1. Find the points where the tangent to the curve 


whose equation is y= — ae 2x2+2 is parallel to the 
x-axis, and sketch the curve. Y. 


Solution. Since the tangent is to be 
parallel to the z-axis, we must find the 
points where the slope is zero. Differ- 
entiating, we have 


O x 
ee v—x— 2, 
ge 
Setting this equal to 0, we obtain 
zvi—x2—2=0; 
whence (# — 2)(a+1)=0, ha hE 
or x =—landz= 2. 


Substituting these values in the given equation, y= 12 
and y=— 4. Hence the required points are (—1, 4°) and 
(2, — 4). Three other points easily obtained are (0, 2), (3, 3), 
and (— 3, —1,). Since there are but two points where the 
tangent is horizontal, the curve must rise continuously at the 
right of the point (3, 4) and fall at the left of the point 


— 3, = 4p). 


~ 
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Exampie 2; Find the’ points where the tangents to the 
curve whose equation is y=aV2— 2’ are parallel to. the 
x-axis, and sketch the curve. 

Solution. Writing this in the form y= «(2 — a)? and dif 
ferentiating, we have 


oY (2 — a8) ¥(— 22) + 2294) 
* baa). 
(2 — a8 


Setting the derivative 
equal to 0, we obtain 
x=—1 and.+1. The 
corresponding values of y 
are —land +1. 

From the given equation 
we find that the 2-inter- 
ceptsare Oand + V2. Bond Fie. 55 


the latter values, “= = hence at these points the slope 


“3 } 
is infinite and the tangents are perpendicular to the z-axis. 
In the figure the dotted line shows the graph of | 


ys UV2— 2 
PROBLEMS 
1. Find “ for each of the following functions : 


a. y=u,u=24+V<z. 6 y=u—v a ae 
u 2x2—8 
b. ay isin tie ae d. Ye ee ACen 
' 2. Differentiate each of the following functions : 
ay=V4432. d. y=VIT= 2a +27, 
. 1 
by =(5— 2a). vr ark danrahighiada: 
a f.y=(2—32)% 
cy=(2+2). go y=v1+exe4, 
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1 Beanmest 5 
hy = ———: i. est, fie 
4 Va? +42 +410 ; ee (4 ae) 

f la p now ict oy 
Ly= a hayes L 9(@)=(;=,)- 


3. Differentiate each of the following functions in two ways 
and show that the answers thus obtained are identical : 


ay = (3442) by = V2e+ (201. 

4. Find a in each of the following equations: 

a +tys 9. Gy = 2 pe. 

b. 07a? + ay? = a’b?. d. at + ys = al, 

5. Find the points where the following curves have horizon- 
tal tangents, and sketch the curve in each case: 


ay=3x— 2x’. d. y = (x — 8)’. 
b. y = a3(w — 2). ey =a. 
ao 
y= P20 1, f-y=(e—1)(@+1)@—2). 


6. Show that the graph of any equation which has the form 
y =a-+ bx + ca* has one point where the tangent is parallel 
to the x-axis. 

7. Find the inclination of the tangent to the circle whose 
equation is x? + 7? = 20 at the point (2, 4). 

8. Find the slope of the curve whose equation is x?— 477= 20 
at the point (6, 2) and write the equation of the tangent. 


59. Inverse Functions. From the definition of a function 
it follows that if y= f(x), then z is a function of y, and 
this may be written x=g(y). In simple cases the second 
relation may be obtained by solving the equation connect- 
ing the variables for x in terms of y. For example, if 


then y=f(%) =x -1, 
while: a=g9(y)=+Vy4+1. 


Such functional relations are called inverse, 
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When it is easier to get 2 as a function of y than to 


get y as a function of gz, y may be found by using the 


formula 
aytoet 
dz dx 
dy 
To prove this relation observe that, by algebra, 
By oa 
Az Az 
Ay. 


As Az approaches zero, Ay in general approaches zero 
also. Hence, if we pass to the limit, we obtain 


dy _ 1 

(VIII) ery 7 
dy 

Also pi iry 
VIII ppaicsione's 
(VIII a) dy 
dx 


That is, the derivative of a function is the reciprocal of 


the derivative of the inverse function. 
This may be verified, for example, in the case of the 


functions mentioned above. If 


y=x—1, 
then ay 039 
dz 
and. if z=Vy+tl, 
dz th 


then pos SN 
dy Wy+1 


It is obvious that 22 and are reciprocals, 


Yt 
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60. Formulas for the Differentiation of Algebraic Func- 
tions. With the formulas derived in the previous sections 
any algebraic function may be differentiated. The most 
important ones are collected here for convenience. 


(1) f xt na, 
(Ia) ox=1 
(II) fc=0 
d (4 ya dt 4 
(III) ee = a ae 
d dv , du 
(IV) Fr eal ae 
d dv 
(IV a) Tr eh 
ydt_  # 
d(u dx dx 
(v) dx\v/" sv 
dy _ dy du 
@}) dx du dx 
d 1 du 
eo ae ae 
dy 1 
(VIII) ax dx 
dy 


The following examples illustrate the differentiation of 
several types. of functions relatively more complicated 
than those given before. 


= 
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EXAMPLE 1. Find the derivative of if = V3 +4-V2. 
Solution. This may be written in the form 


=(344V2)?. 
@ - 5 (844-2) 15 (4vz) by Formula VII 


=. 5(3 44V2) ‘ee Jie: Re Rormulas t activa 


(344V2)! « afer 


Exampte 2. Differentiate y = x V2—32. 


Solution. =¢(2—3 a)? 
Yi, 22 (9G ee wes 
ee (2 3x)? + (2 — 3x)? x by Formula IV 
= a5(2 —3a)~4(= 3)+@ — 32)? 
eae _ by Formulas VII ind IVa 
ee Ae Oe 
2V2— 3a | 
4—9 
- ara By simplification 
Examp.e 3. Differentiate y = {UD S, 
Va? + a? 


Vai Eat at 2 Vary a 


ie ood: 
Solution. os = = Formula V 


x? + a? 
Va? + a? aes Qa — ats (a+ a®)~* < (a + a’) 


x? + a? 
— by Formulas I and VII 
: 2 
20 Veale ae 
2V2? + a? 


ia a rer on by Formula I 


By simplification 
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PROBLEMS _ 


1. Differentiate the following functions : 


@.s=4f— 46. a ee 

a+? a—x 
bei 3° ; 

a—t 

ES, h. uw = ——- 

cy =a? V3 — 2. Vi — 2 
dou=tv4+ i ; . 3442 
e. f(@)=aVT— 3a. eit ea 
fis : iy=@ —ahe + ah, 


rey 


2. In the following problems find the value of vt for the 
given value of x: 
aqiit 
ayaa +o e= 2. 


x 


On tae 
( 
a y= Via +7 Ve += 4 = we ST. 
x 
d.y=4__ 7 © = 0. 
=Va?— 23,2 =4. 
3. In the following equations find ow 
a. 2 = Vy + Vi. baa vet yy. 
c“a=3vV4—y7. 


4. Draw the graphs in a, d, d, and é of Problem 2, showing 
the tangent at the point indicated. In each case wee the 
graph by finding the slope at two other points. 


5. Show that the slope at any point of the curve whose 
equation is y*= 2px is a Illustrate by a graph. — . 
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6. Show that the slope at any point of the curve whose 


equation is x = ay’ is - Illustrate by a graph. 


al 
3 ay? 

7. Find the point at which the tangent to the curve whose 
equation is s=a-+by-+cy* is perpendicular to the z-axis. 
Take a=b=c=1 and draw a figure. 


61. Implicit Functions. Let a relation between 2 and y 
be expressed by the equation 


g+y—av=0. (1) 


This equation may be solved for y, in which case 
y=Va'— z* is called an explicit function of x, or it may 
be solved for z, in which case x=Va’?— yy’ is called an 
explicit function of y. If the equation is not solved but 
stands in the original form (1), it is said that y is an 
implicit function of 2, or x is an implicit function of y. 

A derivative may be calculated from either the implicit 
or explicit form of the function. Suppose that, in the 
example above, it is desired to find the derivative of y 
with respect to z. 

If the explicit form is used, y=V a? — 2’, 


whence dy seh pagiscees (2) 


If the implicit form is used, it is necessary only to 
differentiate the terms of equation (1) as they stand 
with respect to x The result is 


22+ 2y% 0; 


whence, by solving, Pet (3) 
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The results in (2) and (8) are easily seen to be identical. 

In the example above there is little choice between the 
explicit and implicit forms of the function. In some cases 
the implicit form is more convenient. 

Consider, for example, 


Y+3ey+y—42+8y—12=0. 
It is possible to solve this equation and to get an explicit 
expression for y as a function of z It is far more con- 


venient, however, to calculate ay from the implicit form. 
x 


Thus, differentiating the terms as they stand, we have 
gy dy ee 
fan (hen Sy ty i puith Os 


Solving this equation for the derivative gives 
dy _4—227—3y 
de 84+824+2y 
In still other cases it is impossible to solve the equation 
for either y or z, and the implicit form must be used to 
calculate the derivative. For example, 
ao+tayty—3=0 
cannot be solved algebraically. The derivative of y with 
respect to x can be calculated, however, by differentiating 
the terms as they stand. 


dy 5 ay 

6 pe —4=(); 
Thus, 62 +(cl+y)+6y : 
whence, solving for the derivative, 


dz z+6y7' 


Note that when the derivative is found by the implicit 
method, it is usually a function of y as well as of 2. 
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Exampue. Find the slope of the tangent to the ellipse 
whose equation is 274+ 27?= 24 at the points where x= 4. 
Solution. Differentiating im- Y. 
plicitly, we have 


(4,2) 
2e+4 y = 0, 
whence oe: x 
dx 2y (4,-2) 


Since the derivative involves 
both 2 and y, we must find the 
value of y from the given equa- 


tion. When «=4, y=+ 2. Fic. 56 


Substituting in the expression for “4, we find that the slope 


at (4, 2) is — 1 and the slope at (4, — 2) is +1. 


62. Successive Differentiation. If y is a function of 2, 
(that is, if y=f(x)) the derivative is also a function of z. 
dy 
This new function of z can be differentiated with re- 
I 
spect to 2, giving “e » which is called the second derivative 
of y with respect to z This process can be continued, 
and by successive differentiation we obtain the third deriv- 
ative, fourth derivative, etc. 
Notation. If y=f(a), the following notations are used 
for the derivatives: 


First derivative, AD y= Fe) sh 
Pom ¢ a’ 
Second derivative, a = yf! = f" (a). 


8 i , 
Third derivative, ou =y"=f"(a2). Ete. 
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°°Exampre 1, Find the successive: derivatives of 


F(a) =a — 2 2? + 6. 


“Solution. «sf (#) = 3.0? — 4a. 
; f" (a= 6a —4. 
fi") = 6: 
f(z) =0. 


Evidently all the derivatives from this point on are zero. 


Exampte 2. Find the second derivative of y = Va? — 2% 


Solution. The first derivative is 
x 


dy = F(a = 2)74(= 2 2) = Sg aes. 


dx 2 


Differentiating again, we have 


PROBLEMS 
. Find ot in the following equations: 
e+ay—y=0. e@tvay+y=tl. ~ 
. xy —aty—I=0. fe Yee 6. 
-Ytatety=9. g: (22)F +(9y)* = 18. 
24+ 8ay+ y= Sl. he x? + 77? — 38 any = 0. 


-_ 


& ase & 


2. Show that the slope at any point of the ellipse whose 
, 67x 
equation is Bx + a*y? = a%b is — ays 
3. Show that the slope at any point of the hyperbola whose 
Rene contin i 
equation is i wees iris ="! 
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4. Show that the slope at any point of the circle whose 
equation is 274+ y?=a? is — 7 

is The locus of the equation Va + Vy = Va is a parabola 

whose axis of symmetry is the line z = y. Show that the slope 


at any point is — = Plot the locus for a = 9, taking values 


of « which are perfect squares and using the double sign before 
Vx. Check the graph by noting the slope at various points. 
6. The locus of the equation at 4 yt = a! is called a hypo- 


cycloid of four cusps. Show that its slope at any point is — Nie . 
Sketch the graph by finding the intercepts and the points 
where x =+y, and the slope at each of these points. 

7. Find the intercepts of the curve whose equation is 
y$ + x? = a*. By differentiating implicitly, show that the slope 
at each of the corresponding points is 0, and sketch the curve. 

8. Find the slope of the tangent to the curve whose equation 
is 2° + y¥8— 3 ay = 0 at the point where «= y. Draw the tan- 
gent at this point and a small arc of the curve. 


9. Find the second derivatives of the following functions : 


a. y=4a°—22°— 12. 9. f(t) = (P —1)%. 
b. y=32?— 5a. hy=u(a+2)(a—2). 
co f (0) = dint ~ Zan *. i. 2 =(u + 2)(2 u?—1). 
T +8 . 4. 

d. JO) = Bt a hystta- 5 
e. o(2) =— 4-54 6 Voz. Ry = oo gf, 

ee —1 i 
fy= iia LasGraarr 3: 


63. Applications of the Derivative in Geometry. It has 
been shown that the slope or direction of a curve at any 


point can be found by getting the value of the derivative “! 
' ; iz 
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at that point. Other problems which are based upon this 
fundamental idea are the following: 


1. To find the points on a curve where the tangent is 
horizontal; that is, parallel to the z-axis. 

2. To find the points where a curve has a given direc- 
tion, or where the tangent is parallel to a given line. 

3. To find the angle of intersection between two curves. 
By the angle of intersection between two curves is meant the 
angle between their tangents at a point of intersection. 

4. To find the equation of the tangent and the equation 
of the normal to a curve at a given point. The normal at 
any point on a curve is the line perpendicular to the tangent 
at that point. 

The first of these problems was illustrated in § 58; the 
following examples illustrate the others: 


Exampte 1. Find the points on the circle whose equation 
is x? + 7 = 20, where the tangents are parallel to the line whose 
equation is 2x7 +y=0. 

Solution. Differentiating the 
equation of the circle, we get 


dy 
Qa+2y = 0; 
dy x 
whence mF 
Since the slope of the given line is 
— 2, we set 
? —_ . ll 2; 
a Fig. 57 
whence r= 2H 


Substituting « = 2y in the equation of the circle, we find 
that y=+2. The corresponding values of x are +4. The 
proper pairing of these values is’ determined from the value of 
the derivative to be (4, 2) and (— 4, — 2). 


124 INTRODUCTION TO THE CALCULUS 


_Examp.e 2. Find the angles of intersection between the 
curves whose equations are y= 2? and y= 22. 


Solution. Solving the equations simultaneously, the points 
of intersection are found to be (0, 0) and (2; 4). The slope of 
the first curve at any point is given 


dy 
by ae 
straight line, and its slope at every 
point is 2. 

Angle at (0,0). The inclination of 
the straight line is 63.43° (63° 26'). 
The inclination of the curve at (0, 0) 
is0. Hence, by subtraction, the angle 
of intersection at the origin is 63.43°. 

Angle at (2, 4). For «= 2 the Fic. 58 
slope of the curve is 4 and its in- 
clination is 75.96°(75° 58"). The inclination of the straight 
line is 63.43° (63°26"). Hence, by subtraction, the angle hy inter- 
section at (2,4) is 12.53°(12°32'). 


= 2a. The second curve isa 


Exampte 3. - Find the equations of the tangent and of the 
normal to the ellipse whose equation is a?+4y?=8 at the 
point (2, 1). 


Solution. We first 
make sure that the point 
(2, 1) lies on the curve. 
Differentiating the equa- 
tion of the curve, we have 


2a + 8y =o, 


d 
whence —“=——.- Fig. 59 


The value of the derivative at @, 1) i is —}. Hence the slope 
of the tangent is —} and the slope of the normal is 2. 
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Using the point-slope form, the equation of the badgent 
PT is 

y—1=—}(@-2), or ~+2y—4=0, 
and the equation of the normal PN is 

y—1=2(@—2), or 2a—y— 3=0. 


If the equation of a tangent with a given slope is required, 
we first determine the point or points of tangency, as in 
Example 1. 

PROBLEMS 


1. Find the points on the following curves where the tan- 
gent is horizontal. Draw the figure in each case. 


ay=3n+ 27. d. y = 227 — x. 
by=4—24—2". ey=x+1. 
C6 yYHour— a, J Y=a +2, 


2. Find the points on the curve y?= a where the tangent is 
parallel to the line x—4y—4=0, 

3. Find the points on the curve 4 y = 2 where the inclina- 
tion is 45°; 135°; 60°. 

4. Find fhe points on the curve y= 32*+-2* where the 
tangent is perpendicular to the line 4a —-9y—18=0. 

5. Find the equations of the tangent and of the normal to 
the following curves at the points indicated : 

a. y = x* — 2, at (0, 0). d. x? + 47? = 20, at (2, — 2). 

b. y = x — 4, at (1, — 3). ex? —y'? =7, at (4, 3). 

cv? +y?=10, at (—1,3). ff. 2°—-2y?+4=0, at (— 2,2). 


6. Find the length of the tangent to the curve y= a — 6 
at (2, — 8) from the point of tangency to the point where it 
cuts the x-axis. 

7. In Problem 6 find the length of the normal between the 
curve and the y-axis. 

8. In Problem 5, d, find the length of the segment of the 
tangent intercepted by the coordinate axes. 
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9. Find the angles of intersection of the following pairs of 


ee ay=22,0—-y—4=0. 
b 2y=2?—4, 8y=27—4. 
a2+y=—17,32—5y+17=0. 
d.27+9y' = 36,2+3y=6. 
e2+y = 36, = 5y. 


8 
a ee —_ ———————_ 
g. x? + y? = 25, ey = 12. 


10. Show that the curves whose equations are zy =k and 
x? — y* = k intersect at right angles. 

11. Show that the curve whose equation is y= Axw® + Bx? + 
Caz + D has not more than two points at which its tangent is 
horizontal. Show that the tangent is horizontal at no point if 
B*< 38AC. 

12. Show that the tangents to the parabola y* = 2 px at the 


points where x = are perpendicular to each other. 


2 


CHAPTER V 
FUNCTIONS — MAXIMUM AND MINIMUM VALUES 


64. The work of the previous chapters has been mainly 
geometrical. We have learned to represent curves and 
straight lines by equations and to solve certain geomet- 
rical problems by means of these equations. In particular, 
the introduction of derivatives has made it possible to find 
the slope of a curve at any point, to find where the tan- 
gent to a curve has any given direction, and to find the 
angle between two curves at a point of intersection — 
problems not solvable by other means. We now turn 
to the study of certain problems which furnish a wider 
scope for the employment of the methods developed in 
Chapters I-IV, but which are not primarily geometrical. 

65. Functions in General. Many of the problems of mathe- 
matics involve the study of quantities of varying magni- 
tude. We shall confine ourselves for the present to the 
case where there are two variables of which one is a func- 
tion of the other. 

In Chapter III the term function was defined as follows: 
Tf one of two variables has one or more definite values cor- 
responding to each value given to the other variable, the first 
variable is a function of the second. We there used the nota- 
tion “ y=f(«)” to represent an equation connecting «and y ; 
and when z and y had concrete meanings, they were codérdi- 
nates of a point tracing the graph of the equation y = f(z). 
_ It is clear, however, that the definition is capable of 


much wider applications. The variables may represent any 
127 


> 
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quantities, and we may know that one variable is a func- 
tion of another (in the sense of the definition) without 
thinking of the equation connecting them, or, indeed, 
without even knowing any such equation. For example, 
the velocity of a falling body is a function of the distance 
through which it has fallen; the premium paid on a $1000 
life-insurance policy is a function of the age of the insured; 
the normal rate of coal consumption of a locomotive is a 
function of the speed. 

In examples like those just stated the functional law is 
sometimes given merely by a table of values of the two 
variables. For example, it is found by 
experiment that the temperature 6° of 
a vessel of cooling water ¢ minutes after 
the beginning of the observation ‘is as 
given in the adjoining table. Evidently 
6 is a function of ¢, and decreases when 
t increases. The limitations of this 
method of stating a functional relation 
are equally evident: for values of ¢ not 
given in the table we can only approxi- 
mate values of @ by interpolation if ¢ is: 
less than 20, and we cannot do even this if ¢ is greater 
than 20. Lt to nal 

66. Derivation of Equations of Functions. For mathemat- 
ical purposes it is desirable, when possible, to express the 
functional relation by an equation or formula connecting the 
variables. The advantages of the: equation are (1) that for 
each value of one variable we can calculate the value of the 
other as accurately as we please; (2) that we can memorize 
the equation, if we have occasion to use the law frequently ; 
(3) that from the equation, as we shall see presently, we 
cap. deduce many properties of the law of variation. 


Ma 
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To find the equation connecting two variables, we must 
know the way in which they are related, and translate this 
relation into algebraic language. In many cases this can 
be done by means of the rules of algebra and geometry, as 
in the derivation of the mensuration formulas of geometry 
and trigonometry. The examples below illustrate methods 
available at this point; more difficult problems are reserved 
for more advanced processes of calculus. 


ExampLe 1. The parcel-post regulations prescribe that the 
sum of the length and the girth of a package must not exceed 
84 in. Rectangular boxes with square ends which come just 
within the rule are to be constructed. Express the volume of 
such a box as a function of the side of the square end. 

Solution. Let x be the length of the side of the square, 2 the 
length of the box, and V the volume. By geometry, 


ap Fol 
But the regulations prescribe that 
i+4a = 84. 


Hence we may substitute 84 — 4 for 7. This gives 
V = 27 (84 — 42), 


or V = 842? — 42°, 
hich is the desired solution. 


Exampte 2. Experiments in an artesian well showed that 
the temperature increased with the depth at the rate of 4°C 
per hundred meters. If the average temperature at the sur- 
face was 12°C, express the temperature below the surface as 
a function of the depth. 

Solution. Let T be the temperature in degrees and d the 
depth in meters. Since 7 increased at the rate of 4° per hun- 
dred meters, it increased at the rate of 0.04° per meter. Hence 
at a depth of d meters T had increased 0.04d degrees. But at 
the surface, 7 =12. Thus we have the formula 

T =12+40.04d,. 
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67. Variation. In scientific books we sometimes find laws 
connecting two variables stated like the following: “The 
extension (Z) of a coiled spring varies as the weight (W) 
supported.” The phrase “y varies as x” means simply 
that y= kx, where k is some constant. For example, the 
statement above means that H=kW, where & is a con- 
stant. In like manner the area of a circle varies as the 
square of the radius, for A= 7R*.* 

One quantity is said to “vary inversely” + as another 
when the first is equal to a constant times the reciprocal] 


of the second. Thus, if y varies inversely as z, y=-—, or 
zy =k, where k is a constant. es 

In either case the value of the constant can be found 
from a knowledge of a pair of corresponding values of the 
variables. It obviously depends not only on the nature of 
the variables but also on the units of measurement employed. 


Examp.e. By Boyle’s law the pressure of a gas at constant 
temperature varies inversely as the volume. It is found that 
a certain quantity of gas of volume 24 cu. in. exerts a pressure 
of 30 1b. per square inch. Find the equation connecting the 
pressure and the volume. 


Solution. Let p be the pressure and v the volume. Since p 
varies inversely as v, the desired equation will be of the form 


p =* orpv=k. To find k, substitute the given values of p and v. 


This gives 24.30=h, or k=720. 
Therefore the required equation is 
pu.= 720, 


*The phrase '' varies as’? must be distinguished from the more gen- 
eral phrase ‘t varies with.’ If y is any function of 2, y varies with 2, but 
it varies as x only if y=k«x. Thus the area of a circle varies with the 
radius, but varies as the square of the radius. 

t “Inversely ’’ because as x increases, y decreases, and vice vare= 
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PROBLEMS 


1. Express the area of a square as a function of its diagonal. 

2. Express the radius of a sphere as a function of (a) its 
volume, () its surface. 

3. A rectangle is inscribed in a circle of radius 10, Express 
the area of the rectangle as a function of (a) one side, (0) the 
angle between a side and a diagonal. 

4. In a circle of radius 10 express the length of a chord as 
a function of its distance from the center. Tabulate the various 
lengths of the chord for integral values of its distance from 
the center. — 

5. Express the volume of a cylindrical parcel just satisfy- 
ing the parcel-post regulation as a function of its radius. Cal- 
culate the values of the volumes corresponding to radii 6 in., 
8 in., and 10 in. 

6. The cost of setting the type for a pamphlet is $500, and 
the charge for paper and printing is 50¢ per copy. Express 
the cost per copy ($C) as a function of the number (n) of 
copies printed. : 

7. A closed cylindrical can is to hold 58cu.in. Express 
the amount of material (4/) required to make it as a function 
of the radius (r). Calculate this amount for radii 1.5 in., 2 in., 
and 2.5 in. 

8. A road rises with a slope m. If y is the increase in 
altitude per thousand feet measured along the road, express 
y as a function of m. 

9. The boiling-point of water is 212°F. at sea level and 
decreases at the rate of 2° per thousand feet of increase in 
altitude. Express the boiling-point as a function of the height 
in feet. 

10. The pressure of wind on a vertical plane surface varies 
as the square of its velocity. If the pressure per square foot is 
1 1b. when the velocity is 15 mi. per hour, express the J saa 
as a function of the velocity. 
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11. In ¢ seconds a body falls a distance of s feet, where 
s=1gt% Its velocity v after ¢ seconds is gt. Express v 
as a function of s. (Here g is a constant, approximately equal 
to 32.) 

12. A rectangle with sides parallel to the axes is inscribed 
in the curve whose equation is 427+ 97?= 36. Express the 
area of this rectangle as a function of «. 

13. A ball is thrown upward with an initial velocity of 
100 ft. per second. This velocity decreases at the rate of 32 ft. 
per second per second. Express the velocity (v) as a func- 
tion of the time the ball is in motion (¢). When does the ball 
reach its highest point ? 

14. Show that if y varies as x, any two values of y are 
proportional to the corresponding values of zx. 

15. Above the surface of the earth the weight of a body 
varies inversely as the square of its distance from the center 
of the earth. If an object weighs 100 lb. at the surface of the 
earth, express its weight as a function of its distance from 
the center of the earth, and find its weight when it is 100 mi. 
above the surface of the earth. (Take the radius of the earth 
as 4000 mi.) 

16. The time required for one swing of a pendulum varies 
as the square root of its length. If the time required for one 
swing of a pendulum whose length is 3.25 ft. is 1 sec., express 
the time as a function of the length. Also find the length of 
a pendulum which makes one swing in 0.5 sec. 


68. Graphs of Functions. Some of the properties of a 
function can be studied by means of the graph of the 
equation giving the functional relation. This graph is 
plotted like the graphs of equations of loci. 

It is customary to take the horizontal axis as the axis 
of the independent variable, and the vertical axis as that of 
the dependent variable. If the values of one variable are 
so much larger than those of the other that it is difficult 
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to draw a smooth curve through the plotted points, use 
different scales for the variables. In every case the scales 
used must be indicated on the axes. 

It should be noted that when the functional relation is 
given merely by a table of values, we are saved the labor 
of calculating this table. But it is impossible to improve 
our graph by calculating intermediate values, as we can 
do when the equation is given. 


Exampte 1. It is found that when weights are suspended 
from a certain coiled spring, the length of the spring increases 
at the rate of 0.12 in. per pound; when no weight is suspended, 
its length is 4in. Express the length (/ inches) of the spring 
as a function of the weight (w pounds) suspended, and plot 
the graph of this function. 


Solution. Since 1 increases at the rate of 0.12 in. per pound, 
the original length of 4 in. will be increased by 0.12 w inches 
when w pounds are suspended. Hence the desired equation is 


Z=4+0.12w. 


Since this equation is of the first degree, its graph is a 
straight line, and two pairs of values are sufficient. 


l 


5 


Fia. 60 


An interpretation of the graph is interesting and important. 
First of all, we note that the part of the graph at the left 
of the /axis is dotted, since negative values of w have no 
meaning. Second, if we compare the above equation with the 
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slope-intercept form of the straight-line equation, y = mx + 8, 
we see that the coefficient of w, which is 0.12, is the slope of 
the line. But 0.12 is the rate at which the length of the spring 
increases with respect to the weight suspended. Hence the rate 
of change of / with respect to w is merely the slope of the graph. 


Examete 2. Plot the graph of V = 842?— 42% 

Solution. This is the function obtained in Example 1, § 66. 
The table of values should not extend beyond the points where 
x and V cease to have a meaning. In this case neither variable 
can be negative, and the last pair of values serves only to de- 
termine the point at which the curve crosses the z-axis. The 
large values of V make it necessary to use different scales for 
v and V, iu order to get the curve on the paper. 
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Fig. 61 


Inspection of the graph reveals several things. First, V 
increases slowly at the beginning, and then rapidly untila =12; 
then it decreases rapidly for z>16. The graph appears to 
cross the a-axis at « = 21, a fact easily verified by substitution 
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in the equation. Second, the largest value of V appears to be 
that for « =14, but the student must not make the mistake 
of thinking that the largest plotted value is the largest pos- 
sible value. Perhaps V is still larger for some value of « near 
14, like 14.01. Third, from the figure we may read off values 
of V corresponding to any values of a, or vice versa. For 
example, when V = 3000, « =7.5 or 19, nearly. 


69. The Graph as a Computing Diagram. One of the 
most elementary uses of the graph of a function is read- 
ing off from the graph approximate values of one variable 
corresponding to those of the other. Since these are usually 
between the calculated values by means of which the curve 
has been plotted, this process is frequently called graphi- 
cal interpolation. For example, we may read off from the 
figure of Example 2 of the previous section the following 
approximate results: when z=11, Y= 4800; whenz=13, 
V=5400; when z =11.5, V = 5000; when V=1000, x = 3.8 
or 20.4; when V= 2000, z= 5.7 or 19.7; ete. 

In order that a graph may be used effectively for this 
' purpose, it should be fairly large,* and the scales on the 
horizontal and vertical axes must be properly chosen. 
The scale along either axis should be one of the follow- 
ing: 1 space =1 unit, 2 units, or 5 units; 10 units, 20 units, 
or 50 units; 0.1 unit, 0.2 unit, or 0.5 unit; etc. The pur- 
pose in choosing one of these is to facilitate the estima- 
tion of an additional decimal place. Furthermore, the 
scales should be such that the curvature of the graph is 
plainly shown; that is, no part of the graph should be a 
straight line (unless, of course, the equation is linear). 
As remarked in the previous section, the scales used must 
be marked on the axes, 


* For each problem on pages 187-140 a sheet of paper measuring about 
6 in. by 8 in. should be used. 
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Exampue. In the last figure the plotting-paper used meas- 
ured 24 spaces by 29 spaces. Since the interval of varia- 
tion of « was from.0 to 21, the scale used on the x-axis was 
1 space =1 unit of x. The interval of variation of V was from 
0 to 5500. This made the largest possible scale on the V-axis 
1 space = 200 units, requiring 28 spaces. With this diagram 
only two-figure accuracy is possible; but with a somewhat 
larger figure and careful estimation three-figure accuracy 1s 
possible. 

The graph is most useful as a computing diagram when it is 
necessary to approximate a large number of values of one of 
the variables, and it is used chiefly for this purpose. When 
only one value is desired it is easier to calculate it directly 
than to plot the graph. 


70. Graphical Interpolation compared with Interpolation 
by Proportional Parts. Let us plot the graph of y=2’, 
x ranging from 0 to 2. From the graph we see that the 
value of y for 2=1.6 is very nearly 4. By computation 
we find that it is exactly 4.096. 

If we try to find the value of (1.6)° by interpolating - 
in the table of values by proportional parts, we obtain 
the very erroneous result 5.2. The process of interpola- 


tion by proportional parts is as follows. We have given 
the table 
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In this we are to find the missing value of y. If we use 
the increment notation, we have the following equations: 
When Av = 2—1=1, Ay=8—-1=7. 
When Az =1.6 —1=0.6, find Ay. 
We assume that corresponding values of Av and Ay are 
proportional ; 


; Aye T 
that is, aaT 1 whence Ay = 0.6(7) = 4.2, 
and y=1+ 4.2 = 5.2, 


Referring to the figure, we see that this requires that the 
slope of AB be the same as that of AC. This is true in 
general only if the graph is a straight line. Hence we 
conclude that 

Interpolation by proportional parts is accurate only if the 
segment of the graph between the adjacent values of the vari- 
able 78 “ide a straight line. 


PROBLEMS 
1. In 1906 the intercollegiate track records were as follows : 
d 100yd. 220yd. 440 yd. 880 yd. 
t 9.8 8ec. 21.2 sec.: 48.8 sec. 1 min. 56 sec, 
Catinte ictal. 2 mi. 


t¢ 4min.17.8sec. 9 min, 27.6 see. 


Exhibit this information graphically, plotting ¢ as a function 
of d. Do the parts of the curve between the ee points 
have any meaning? Explain. 

2. A body is thrown vertically up with an initial velocity of 
100 ft. per second. Its distance from the ground after ¢ sec- 
onds is s feet, “where s = 100t—16#. Plot the graph of this 
function and estimate from the graph when the body reaches 
its greatest ‘height... . 
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3. A rectangle has an area of 320sq.rd. Express the perim- 
eter as a function of the length of one side and plot the graph. 
From the graph estimate the smallest value of the perimeter. 

4. The radius of a circle is 6, and a tangent is drawn to it 
from a point x units distant from the center of the circle. 
Express the length of the tangent as a function of x and plot 
this function. From the graph estimate the values of a for 
which the length of the tangent is 12; 18. 


5. The sag of a trolley wire is given by the formula 


rpc cep 


where s = the sag, 7 = the length of the wire, and d = the dis- 
tance between poles. If d = 80, plot the graph of this func- 
tion, letting 7 vary from 80 to 160. 

6. In a class numbering 50 the grades were distributed as 
follows : 

Grade 95 90 85 80 75 70 65.60 55 50 

Number, hip 2eauiGe 219 b7°10.-6 42 “4 S35 


Exhibit this information graphically. 


7. Out of 100,000 children of age 10, mortality tables show 
that the following numbers live to the age specified : 


Age (x) 10 20 30 40 60 
Number(n) 100,000 92,637 85,441 78,106 69,804 
Age (x) 60 70 80 


Number (n) 57,917 38,569 14,474 


Plot 7 as a function of x. Estimate from the graph how many 
live to be 52 years old; to what age a child 10 years old has 
an even chance of living. 


8. The observed temperatures (6°) of a eesiael of calls 
water at times ¢ minutes from the first observation were 


wer 0 i 2 3 Bow oF 10004 1519020 
6 92.0 853 79.5 745 67 605 53.5 45° 39.5 
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Plot @ as a function of ¢. Estimate from the graph at what 
time the temperature became 50°; what the temperature was 
18 min. after the beginning of the observations. 


9. A rectangle is inscribed in a circle of diameter 5. Express 
the area of the rectangle as a function of one side, plot the 
graph of this function, and determine from the graph what 
value of the side makes the area greatest. 


10. The answer to Problem 5 on page 131 is V= 84. rr? — 2.77 
= 2647? — 19.77%. Plot the graph of this function, taking r = 0, 
2, 4, 6, 8, 10, 12,and 14. From the graph determine the max- 
imum volume possible, and also the radii giving volumes of 
3000, 4000, 5000, and 6000 cubic inches. 


11. The monthly charge for gas in a certain city is $0.50 in 
addition to $1.20 per thousand cubic feet actually consumed. 
Express the cost per thousand cubic feet as a function of the 
number of thousand cubic feet consumed, and plot the graph 
of this function. . 


12. The relation between Fahrenheit temperatures (F) 
and centigrade temperatures (C) is linear. When F = 212°, 
C =100°; and when F = 32°, C=0°. Express F as a func- 
tion of C and plot the graph. At whet rate does F increase 
per degree centigrade ? From the graph read off the values of 
C corresponding to F = — 20, 0, 20, 40, 60, 80, and 100. 


13. It is desired to construct an open-topped rectangular 
box, with a square base, which will hold just 6 cu.ft. Express 
the amount of material required as a function of the side 
of the base. Plot the graph of this function and estimate 
from the graph the dimensions which will require the least 
material, . 

14. The dimensions of a rectangular block are 2 in., 4 in., and 
8in. If each dimension is decreased by x inches, what is the 
volume remaining? Plot the graph of this function and deter- 
mine from the graph what value of a will make the remain- 
ing volume just one half the given volume. 
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15. With a certain crane itis found that the force F (meas- 
ured in pounds) which will just overcome a weight w is given 
by the formula F = 4.21+ 0.043 w. Plot the graph of this func- 
tion. What meanings can be attached to the constants 4.21 
and 0.043 ? 

16. A box is to be made from a piece of cardboard 10i in, by 
15 in. by cutting a square of side a from each corner and turning 
up the sides. Express the volume in terms of x. Plot the graph 
of this function and from the graph find the values of x which 
correspond to V = 60, 70, 80, 90, 100, 110, 120, and 130 cu. in. 

17. Express the area of a rectangle inscribed in a semicircle 
of radius 8 as a function of the base. Plot the graph of this 
function and find from the graph for what value of the base 
the area is greatest. . 

18. Express the perimeter ot the rectangle of Problem 17 
as a function of the base and determine from the graph of the 
function the value of the base which makes the perimeter a 
maximum. 

19. The range (R) in thousands of yards of a projectile fired 
with a certain muzzle velocity at an angle of elevation (6) 
expressed in mils* is given by the formula 6=5R(3 + R). 
Plot 6 as a function of R, letting R vary from 0 to 6 and using 
a large scale for R. From the graph tabulate the ranges corre- 
sponding to elevations 0, 50, 100, etc., up to 300 mils. 


71. Increasing and Decreasing Functions. Definition. A 
function y= f(a) ts said to be an increasing function if y 
increases (algebraically) when x increases. The function is 
decreasing if y decreases when x increases. Obviously a function 
may be increasing for some values of x and decreasing for others. 
_ This characteristic of a function. appears in its graph. 
Let the figure be the graph of y= f(z). The graph shows 
that the function decreases when 2 increases from «=a 


* A mil is a unit of angular soi lrigaa used in artillery problems; 
1600 mils = 90°. 
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to z= 6, and from x=e to x=d; and that the function 
increases when 2 increases from = 6 to x=c. The graph 
shows also that the . 

slope of the tangent 
is positive when the — 
function is increas- 
ing, and. negative 
when the function 
is decreasing. Since 
the slope of the tan- 
gent is equal to the 
value of the derivative, we have the following criterion : 


A function 18 increasing when its derivative is positive, and 
decreasing when its derivative 1s negative. 


Examptei. For what values of the variable x is the function 
V = 842 — 4° increasing, and for what values is it decreasing? 


Fig. 64 


Solution. This is the function conedered in some detail in 
Example 2, § 68. Differentiating, 
a = 1682 —122°=122(14 — 2). 


The derivative is written in factor form so that we may find 
its sign by considering the sign of each factor. The derivative 
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is zero when x = 0 and when x = 14. We now test, in succes- 
sion, values less than 0, between 0 and 14, and greater than 14. 


When w<0,122is sand 14— 2. is 4) Hetice a whieh 


is the product of these factors, is —, and V is decreasing. 
When x >0 and at the same time <14 (usually written 


0<a2<14), 12” is + and14—2 is +. Hence oi is +, and 
V is increasing. av 
When x >14, 12a is + and 14—~2 is —. Hence —— is —, 
: 5 dx 
and V is decreasing. 
These results are shown on the graph. 


Exampte 2. For what values of « is the function y = 3x — 2° 
increasing, and for what values is it decreasing ? 

Solution. The solution, which is similar to that in Example A, 
may be condensed as follows : 

Differentiating, y' =3—32? 

=3(1+2)(—2). 

Hence y'=0 when 2 =—1 and when x =+1. 

Testing the sign of y', we have the following results: 


For x< —1, y' = 3(—-)(4)=— 
For —-1<a¢<+1, y'=3(4+)(4)=+. 
For 2> +4, y' = 3(4)(-)=-. 


Hence the function is increasing for all values of x between 
—1 and +1; for values of a x less than —1 or gioatar than +3 
it is decreasing. 


PROBLEMS 


1. Is the given function increasing or radii for the given 
values of a? 
ay= 1 oe a eS 0, 2. 


b y=aVa?+1, x = 0, 2. 
ey=a@tire=—1, +1. 
dy = Vat +2, ¢ =—1, 0, +1. 
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2. For what values of x are the following functions increas- 
ing? In each case illustrate your answer by a sketch of 
the graph. 

ay =2' — 2. ayaats. 
by =x — x. d. y = 22° — 327-122. 


3. Can a function be neither increasing nor decreasing for a 
single value of x? Give an illustration. 


4.Is the function y=4a”—2? increasing or decreasing 
when «<2? whenaz>2? when «= 2? Explain the meaning 
of your last answer. 

5. Is the function y = w+ 1 increasing or decredsing when 
«=0? Explain your answer, _ 

6. In each of the following equations determine the values 
of the independent variable for which the function is increas- 
ing and those for which it is decreasing : 


a. s =100¢ — 162”. a Anat. 
b. s = V30(/ — 80). e. F = 4,21 + 0.043 w. 
c. V=26477—-19.7r, ff. V=4a*— 500° +150 0.* 


EXTREME VALUES 


72. A Problem. Suppose that it is required to construct 
a rectangular bin, with a square base, to have a capacity 
of 100 cu.ft. How many square feet of lumber will be 
required ? Obviously there is no definite answer to this 
question, because a bin with a square base and capacity 
of 100 cu. ft. can be constructed in many different ways. 
_ If the base is made 10 ft. square, the depth would have 
to be 1ft.. This would require 100 sq. ft. for the base and 
10 sq. ft. for eath side, making a total of 140 sq. ft. 


* These functions are taken from Problems 2, 5, 10, 18, 15, and 16, 
respectively, on pages 187-140, 
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If the base is made 5 ft. square, the depth would have to be 
4 ft. This would require 25 sq. ft. for the base and 20 sq. ft. 
for each side, making a total of 105 sq. ft. 

If the base is made 2 ft. square, the 
depth would have to be 25 ft. This 
would require 4 sq. ft. for the base and 
50 sq. ft. for each side, making a total 
of 204 sq. ft. 

The amount of material required de- 
pends on the size of the base, which can 
be chosen arbitrarily. If 4 represents the 
amount of material required and zis the 
edge of the base, then 4 is a function of z. To find a mathe- 
matical expression for this function we proceed as follows: 

If y is the depth of the bin, then 


A=a2'+4zy. 
This is the surface of any rectangular bin. But the vol- 
ume of this one was to be 100 cu. ft.; hence 


Fic. 65 


ay =100. 
The latter equation shows that y= ae; and, by sub- 
stituting this value in the former equation, we get 
iy Sees Ovi 
% 


This functional relation enables us to calculate easily 
the amount of material required when the size of the base 
has been selected. Some results are shown in the table. 
Beginning at the top, the table shows that as the values 
of x increase, the values of A decrease until x reaches the 
value 6, after which the values of 4 incréase. . 

Some of the bins require much less material than others. 
‘What ts the least amount From which the bin can be built? - 
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The table indicates that the least amount of material 
is 1022 sq. ft. It is unlikely, however, that this result is 


exact. The values of x were 
selected at random, and there 
is no reason why they should 
all be integers. It is quite 
probable that A will be less 
than 1022 when x has some 
value between 5 and 6 or 
between 6 and 7. But to at- 
tempt to find by experiment 
the exact value of x for which 
A will have its least value is 
a hopeless task. (Compare 
the discussion of Example 2, 


Edge of Material = 
base = x feet | A square feet 


if 
2 
3 
4 
5 
6 
7 
8 
9 
0) 


feck 


§ 68.) In order to find the exact value of x for which A 
will have its least value, the methods of the calculus 
are employed, as explained in the following paragraphs. 


If we draw the graph of the 


function A= 2 +=, it be- 


comes evident that at the point 
on the graph corresponding to 
the smallest value of A the tan- 
gent will be horizontal. Hence 
we have merely to find the value 
of x for which the slope of the 
curve is zero. The slope at 


A decreasing | A increasing 


5.85 4 
Fic. 66 


any point, however, is the value of the derivative. There- 
fore the value of x for which A is least is that for which 


the derivative is zero, or 
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Solving this equation for 2, we obtain in succession 


22°— 400 = 0, 
xv = 200, 
and a =V200 = 5.85 (approximately). 


Substituting this value in the expression for 4, we obtain 
A = 34.22 + 68.38 =102.60 sq. ft. 

73. Maxima and Minima. Critical Values. Definitions. A 
maximum value of a function is one that is greater than any 
value just preceding or following. A minimum value of a fune- 
tion is one that ts less than any value just preceding or follow- 
ing. Maximum and minimum yalues are called collectively 
extreme values. 

More precisely, if y= f(x), the value of y forr=aisa 
maximum if it is larger than the values of y corresponding 
to values of z a little 
smaller and also a little 
larger than a. Simi- 
larly, the value of y 
for z=a is a minimum 
if it is smaller than the 
values of y correspond- 
ing to values of x a 
little smaller and also 
a little larger than a. 


Exampire. Consider 
the function y=3 2—2°. 
{See also Example 2, (-1,-2) 
§ 71.) This function has 
a maximum value, y= 2, 
for x =1; and a minimum value, y =— 2, for =—1. These 
are shown in the adjoining graph, which indicates that the 
values of y for all values of « a little different from 1 are less 


Fig. 67 
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than 2, while the values of y for all values of x a little differ- 
ent from —1 are greater than — 2. It should be noticed that 
the point corresponding to a maximum value is not necesgaril y 
the highest point on the graph of the function, but that it is 
higher than any point very near it on the graph. A similar 
statement holds for a minimum value. 


The principle involved in finding maxima and minima 
may be explained in two ways, both of which must be 
understood. 

1. The definition shows that when a function reaches 
a@ maximum value, it ceases to increase and begins to de: 
crease. That is, if y= f(r) has a maximum yalue for x =a, 


Fia. 68 


y is increasing for x<a and decreasing for >a. But in 
§ 71 we learned that if a function is increasing, its deriy- 
ative is positive, and if it is decreasing, its derivative is 


negative. Hence “ is + when «<a and —when 2 >a. 
wv 


Therefore, at z= a, a changes from + to —, and therefore 
xt 


ay =0 at =a. The analagous explanation for the case 
x 


when y has a minimum value for x = a is left to the student. 
2. Referring to the above figure, it is apparent that at 
either a maximum (as at x=) or at a minimum (as at 


148 INTRODUCTION TO THE CALCULUS 


z=c) the tangent to the graph is parallel to the z-axis. 

Hence the slope is zero and = = 0 for both these values. 
From both explanations we conclude that, in general,* 

“a = 0 for values of x which make y =f(x) a maximum or a 


minimum. Values of x for which “ = 0 are called critical 
values. “i 

74. Tests for Maxima and Minima. The conclusion we 
reached at the end of the previous section is not sufficient for 
our purposes for two reasons: (1) there is nothing to show 
whether the value of y=f(@) y 
corresponding to a critical value 
x= a is @ maximum or a mini- 
mum; (2) sometimes, as the 
adjoining figure shows, there 
are critical values for which 
the function has neither a maxi- 
mum nor a minimum value. 

Let us now consider an example. Let y=a*—12z, 


whence “ =32?—12. Since the derivative must vanish at 
x 


=) 


1 

1 

t 

{ 

« x 
Fie. 69 


either a maximum or a minimum point, we shall find all such 
points by setting “s = 0 and solving for z If 32?—12=0, 
2 


then 2 = + 2, and these are the only values of z for which 
y can have either a maximum or a minimum value. Each 


* There are some examples for which neither explanation is valid. 
For example, y= at has a minimum value Y 
for =0. There is a sharp point (cusp) on 
the curve at =0, and the tangent is per- 
pendicular to the z-axis. The derivative does 
not exist when x= 0. Functions of such ex- O Xe 
ceptional character are not included in our 
consideration. Fig. 70. 
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of these two values of 2 must be tested separately, to see 
whether the corresponding value of y is a maximum or a 
minimum. Two tests will be given, either of which will 
serve as a criterion for maxima and minima. 

First Test: by Computing Values of the Function. When 
c= 2, y=—16. For a value of ~ a little less than 2, say 
1.5, y=— 14.625; for a value of z a little greater than 2, 
say 2.5, y=— 14.375. Since the value of y for x = 2 is less 
than either of the last two, we conclude that 2 = 2 gives a 
minimum value y =— 16. 

Second Test: by Investigating the Sign of B 7 - Write the 
derivative in factor form: 


oe = 3(x+2)(x— 2). 
For a value of z a Ae less than 2, oe =34)(-)= 
which shows that y is decreasing. Fone a alee of x a little 
greater than 2, “ = 8(+)(+)=+, which shows that y is 


increasing. Hence x= 2 gives a minimum value, since y 
stops decreasing and begins to increase. (See also the 


illustrative examples in § 71.) 
By either of these methods it may be shown that s=— 2 


gives a maximum value y= 16. 
Summarizing, we have the following method : 


GENERAL METHOD FOR DETERMINING MAXIMUM AND 
MINIMUM VALUES OF A FuNCTION y=f(2) 


I. Find of — f'(2) in terms of x. 


II. Set fi (oe 0 and solve the equation. This gives all 


the critical values of 2. 
III. Examine each critical value by one of the tests on the 


following page. 
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First Test. Let v= be a critical value. Find the three 
values of y corresponding (1) to «= some value slightly less 
than e; (2) tox=c; (3) to x= some value slightly greater 
than c. If the value of y corresponding to x = ¢ is algebraically 
greater (less) than those on either side of c, then y=f(e) ts 
a maximum (minimum). d 

Second Test. Let x=c be a critical value. If re ts post- 


tive (negative) for a value of x a litile less than ¢ and neg- 
ative (positive) for a value of x a little greater than c, then 
y=f(c) is a maximum (minimum). 


75. Examples. The general directions given at the close 
of the previous section. suffice for problems in which the 
equation of the function is given. Sometimes, however, 
the equation is not given, and we are’required to deter- 
mine a maximum or minimum value of a quantity which 
satisfies certain specified conditions. In this kind of prob- 
lem we must first express the quantity as a function of 
some one variable, and then proceed as above. (See Ex- 
amples 3 and 4.below.) Furthermore, in many problems 
it is evident from the nature of the problem whether the 
critical value gives a maximum or a minimum, and in these 
cases the testing may be dispensed with. 


Exampre 1. Examine y = 2° for maxi- 
mum and minimum values. 


Solution. Since “a = 32°, the only criti- 


cal value is a=0. For both negative 


and positive values of a, ot is positive. 


hence the function is always increasing . 
(except at «= 0), and there is neither a maximum nor a 
minimum value, 


Fig. 71 
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values. 
Solution. Differentiating, 
dy nl 


Co at iN 


Setting a = Oand solving 


for x, we getx2=+1. 


Applying the first test, we 
calculate the values shown in 
the tables. The first table 


shows that « =—1 gives a. 


‘ 1 és 
ExampLe 2. Examine y = «+ - for maximum and minimum 


se 


Fre. 72 


maximum value y=— 2. The second table shows that x =1 
gives a minimum value y= 2. For « = 0, y becomes infinite. 

If the second test is preferred, the derivative should be 
written as a fraction and then factored: 


dy «#—1_ (@+1)(@—1) 
a ee) oe 2 ° 


dx x 


x 


. We now have the following results : 


Pore. yo DO. 
For i> y= DO 4, 


Hence y has a minimum for # = 1. 


ExAmputE 3. Determine the area of the largest rectangle 
which can be cut from a circular piece of cardboard 10 in. 


in diameter. =i). . 


152 INTRODUCTION TO THE CALCULUS 


Obviously, the center of the largest rectangle must be at 
the center of the circle. For any rectangle the first cut, as 
A,B, or A,B, or A,B,, can be a 
made at any place desired. 

If it is made near the center “i Be 
(A,B,), the rectangle will , 

have a small area. If made 4) B 
at A,B, the area will be 
larger. If made near the cir- 
cumference (A,B,), the area 

is again small. Apparently 

there will be one rectangle Ce 
having a larger area than 

any of the others, and this 

fact is assumed. 

Solution. The first step is to express the area A as a func- 
tion of some one independent variable. Let x and y represent 
the jenetns of the two sides of the rectangle. Then 


= wy (1) 

and oc? 4 — = 100. (2) 

Substituting in the first equation the value of y from the 
second, we have 


A =2N100 — 2? 


ee ie: 
SS ees tae 
“4 = t+ vi Sh 
x nes — x : 
Setting the derivative equal to zero, we 


get - 
Fat Vine = Fig. 74 


whence —2?+100—22=0 
and xz=v50. 
From equation (2), = V50. 


Hence the largest ae is a square of area 50 sq. in. af 


Bs 


Fig. 73 
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Exampte 4, Find the altitude of the largest right circular 
cone which can be inscribed in a sphere of radius r. 

Solution. The adjoining figure represents a vertical section. 
Let x be the radius of the cone and let y be its height. The 
volume V is to be a maximum. 

By geometry, 

V = hay. 


But V must be expressed as a 


function of one variable only. From 
the figure we see that . is 
e=r—OP=r—(y—rye=2 ry —y’. 


Substituting this above, we have. 


T 
le 3? ry’ — y’). Fie. 75 
Differentiating, and setting the derivative equal to 0, 
EE Tap L gipyicp: 
#9, sii2 4r 
Solving, y=aOy 107 — 


It is obvious from the conditions of the problem that there 
must be a maximum value of V and that the value y = 0 is 
meaningless. Hence we have the maximum cone when y = $7. 


PROBLEMS | 
1. Examine the following functions for maxima and minima. 
Draw the graph in each case. it 
ay=x?— 5x43. 
by =14 Tx — 22%. ene ee 
ce y= ha? — ka?— 2a +4 2. & 


jy = 62? — ot 


d. yte+120'?+ 452+52=0. L hts gins 
e. 6y = 20° — 327 — 36a. x 
fy =20 — 327+ 6a —2. pte sods. 4.29 
g y= xt — 22’. x 


h. 15y=32°—250°+ 60x. F| i) 1 Cabin 
° we 24 4 r 
i. y= at — 40° + 427?—4. Sotimiatssled of 
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2. Find two numbers whose sum is 20, such that 
a. The sum of their squares is a minimum. 
b. The sum of their cubes is a minimum. 
ce. Their product is a maximum. 
d. The difference between one and the reciprocal of the other 
is a maximum, 

3. A rectangular field to contain 40 A. is to be fenced off 
along the bank of a straight river, If no fence is needed along 
the river, what must be the dimensions requiring the least 
amount of fencing? (1 A.=160 sq. rd.) 

4. Show that of all triangles inscribed ina circle of radius 
a@ the equilateral triangle has the greatest area. 

5. The legs of an isosceles triangle are each 20 in. long. 
Find the length of the base if the area is a maximum. 

6. A trough is to be made of a long rectangular piece of tin by 
bending up two edges so as to give a rectangular cross section. 
If the width of the piece is 14 in., how deep should’the trough 
be made in order that its carrying capacity may be a maximum ? 

7. Two upright poles, AB and CD, are 40 ft. apart. 4B is 
80 ft. high and CD is 20 ft, high. Find 
the distance AE if the length of the rope 
BED is a minimum, 

8. A rectangular box is to be made from 
a sheet of tin 16 in. by 20 in. by cutting a 
square from each corner and turning up A $ 
the sides. Find the edge of this square 
which makes the volume a maximum, ly 

9. A rectangular box with a square base and a cover is ta 
be built to contain 800 cu. ft. If the cost per square foot for 
the bottom is 15¢, for the top 20¢, and for the sides 10¢, what 
are the dimensions for a minimum cost ? 

10. A sheet of paper for a poster is to contain 16 sq. ft. The 
margins at the top and the bottom are to be 6 in., and those on 


the sides 4 in. Mibah are ste dimensions if the printed area is 
to be a maximum ? 


Cc 
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11. A rectangular box with a square base and an open top 
is to be made. Find the volume of the largest box that can be 
made from 320 sq. ft. of material. 


12. The strength of a rectangular beam varies as the product 
of the breadth and the square of the depth. Find the dimen- 
sions of the strongest beam that can be cut from a cylindrical 
log whose diameter is a. 


13. The stiffness of a rectangular beam varies as the product 
of the breadth and the cube of the depth. Find the dimen- 
sions of the stiffest beam that can be cut from a cylindrical 
log whose radius is a. 


14. Two vertices of a rectangle are on the diameter of a semi- 
eircle of radius a, and the other two vertices are on the are. 
Find the dimensions of the rectangle if its area is a maximum. 


15. Two roads intersect at right angles, and a spring is 
located in an adjoining field 10rd. from one road and 5rd. 
from the other. How should a straight path just passing the 
spring be laid out from one road to the other so as to cut off 
the least amount of land? How much land is cut off ? 

16. Rectangles are inscribed in a circle of radius a. Find 
the dimensions of the rectangle whose perimeter has an extreme 
value, and show whether it is a maximum or a minimum. 

17. One base of an isosceles trapezoid is the diameter of a 
circle of radius a, and the ends of the other base lie on the 
circumference of the circle. Find the length of the other base 
if the area is a maximum. 

18. Find the length of the largest rectangular purest with 
square ends which can be sent by parcel post (see Example 1, 
§ 66). 

19. Find the length of the largest cylindrical parcel which 


_ ean be sent by parcel post (see Example 1, § 66). 


20. What should be the diameter of a tin can holding 1 at: 
(58 cu. in.) and requiring the least amount of tin (a) if the can 
is open at the top, (6) if the can has a cover? 
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21. A vertical cylindrical water tank, open at the top, is to 
contain 15,000 gal. Find the diameter if the material used is 
a minimum. (1 cu. ft.=7.5 gal.) 


22. Find the volume of the largest cylinder which can be 
cut from a given right circular cone whose height is A and whose 
base has the radius 7. . 


23. The slant height of a right circular cone is a given con- 
stant a. Find the altitude if the volume is a maximum. 


24. Find the dimensions of the right circular cylinder of 
maximum volume which can be eut froma solid wooden sphere 
of diameter 16 in. 


25. Find the dimensions of the largest inscribed rectangular 
parallelepiped with a square base which can be cut from a solid 
sphere of radius 7.’ 


26. An oil can is made in the shape of a cylinder surmounted 
by acone. Ifthe radius of the cone is three quarters the height 
find the most economical proportions. 


27. If the cost per hour for fuel required to run a given 
steamer varies as the cube of its speed and is $40 per hour for 
a speed of 10 mi. per hour, and if other expenses amount to $200 
per hour, find the most economical rate to run it a distance of 
500 mi. 


28. A railroad company agreed to run a special train for 50 
passengers at a uniform fare of $10 each. In order to secure 
more passengers, the company agreed to deduct 10¢ from this 
uniform fare for each passenger in excess of the 50 (that is, 
if there were 60 passengers, the fare would be $9 each)... What 
number of passengers would give the company maximum gross 
receipts ? 

29. Find the area of the largest rectangle which can be in- 
scribed in the ellipse whose equation is 2 ++47?=16. 

30. Find the dimensions of the largest: rectangle which can 

: ete t: ne de 2 
be inscribed in the ellipse whose equation is - aa =1. 
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31. Find the area of the largest rectangle which can be drawn 
with its base on the «axis and with two vertices on the witch 
8 a® 
e+4q? 
32. On the circle whose equation is x? + y? = 100 find the 
coérdinates of the point which is nearest. to the point (12, 16). 
Is there any other way of solving this problem ? | 


whose equation is y = 


33. What point on the curve 47 = 2" is nearest: to eae Bae 
(0, 4)? 
34. Show fn the distance from the origin to the line whose 


equation is — Saath =1is oan by finding the point on the 
line whose faint from the origin is a minimum. 

35. Find the shortest distance from the point (10, 11) to the 
line whose equation is 32 + 4y = 24 by finding the point on 
the line whose distance from (10,11) isa minimum, ; 

36. The x-axis and y-axis are joined by lines i 
which are tangent to the circle whose equation 
is 227+ y4?=7r", where r is a constant. Find the 
length of the shortest of these lines. 

37. A ditch is to be dug to connect the points 
A and B of the figure. The earth at the left of 
the line AD is soft, and the cost of digging the 
portion AC is $10 per foot. The earth at the 
right of AD is hard, and the cost of digging 
the portion CB is $20 per foot. Where should the 
turn C’ be made for a minimum cost ? 

38. A brick conduit, designed to accommodate D 
underground cables, is to be built with a cross Fic. 77 
section in the form of a rectangle surmounted 
_by a semicircle. Its carrying capacity (that is, the area of the 


! 
' 
iw) 
> 
! 
I 
! 


ty4-------——-g---------- 


- eross section) is to be 24sq.ft. If the cost of construction 


is assumed to be proportional to the perimeter of the cross 
section, find the width which will involve the least cost. 
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39. Show that y = a” has a minimum value if » is even, and 
that it has neither a maximum nor a minimum if » is odd. 


40. Two towns are situated at distances of 3 mi. and 9 mi., 
respectively, from the shore of a lake, which is assumed to be 
a straight line. If the points on the shore nearest the towns 
are 5 mi. apart, at what point on the shore should a pumping- 
station, designed to supply both towns, be located so as to 
require the least amount of water mains ? How many miles of 
mains are required ? 

41. Let P(a, b) be a point in the first quadrant of a set of 
rectangular axes. Draw a line through P cutting the positive 
ends of the axes at. A and B. Calculate the intercepts of this 
line on OX and OY in the following cases : 

a. When the area OAB is a minimum. 

b. When the length 4B is a minimum. 

c. When the sum of the intercepts is a minimum. 

d. When the perpendicular distance from O to AB is a 
maximum. 


42. An electric current flows about a coil of radius 7, and 
exerts a force F on a small magnet the axis of which is on a 
line drawn through the center of the coil and perpendicular to 
ant he 
(+ 2%)! 
distance to the magnet from the center of the coil. Show that 


its plane. This force is given by F= » where ~ is the 


. 4 r 
F is a maximum for’s = 2 


CHAPTER VI 
RATES AND DIFFERENTIALS 


76. When one variable is expressed as a function of a 
second variable, the relation may be used to study the effect 
upon the function of a variation in the independent vari- 
able. We may draw the graph, taking the values of the 
independent variable as abscissas and those of the function 
as ordinates, and apply the geometric results of previous 
chapters. These show that the function is increasing when 
its derivative is positive, and is decreasing when its deriv- 
ative is negative. We also note from the graph that at 
points where the curve is steep the function is increasing 
rapidly with respect to the independent variable, and vice 
versa; in other words, the rate of change of the function 
is measured by the slope of its graph. This is the funda- 
mental idea upon which will be based the further study 
of the variation of a function corresponding to a given 
variation of the independent variable. 

77. Constant Rates. A quantity may change at either a 
constant or a variable rate. We shall consider first the 
case of a constant rate. For this type of problem the proe- 
esses of arithmetic and algebra are sufficient. 

For example, suppose that oil is being pumped at a con- 
stant rate into a tank containing 10 gal. at 10.02 a.m. and 

50 gal. at 10.12 4.m. We find easily that the contents are 
" increasing at the rate of 40 gal. in 10 min., or 4 gal. per 
minute, and conclude that in the next 5 min. 5x4= 20 
more gallons will be added, in the next 10 min. 40 more, ete. 

159 
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The foregoing is an example of a time rate, but many 
other kinds occur. As a second example, if a man walks 
along a railroad track with a 1 per cent grade, his altitude 
above sea level is a function of the distance walked, and 
is increasing at the rate of 52.8 ft. per mile. 

The translation of the solution of the former example 
into the language of calculus will be instructive. The 
volume (V) of oil in the tank is evidently a function of 
the time (4), which we may conveniently measure from 
10 o’clock. When t=2 min., V=10 gal.; when t=12, 
V = 50. By subtracting the corresponding values of t and V 
we find that the respective increments are At=10-and 
AV = 40; that is, as ¢ increases 10 min. V increases 40 gal. 

AVild +40 
Hence the rate of change of V is Avaiaiinien +4. Thus the 
arithmetical method of finding a rate of change of one variable 
with respect to another is merely to divide the increment of the 
first variable by the corresponding increment of the second. 

78. Formula for a Quantity changing at a Constant Rate. 
If a variable quantity, y, changes with respect to another 
variable, 2, at a known constant rate, and if we know a 
pair of corresponding values of a and y, we can. at once 
write down the formula for y in terms of 2. et 

Take as an example the oil tank considered in the pre- 
vious section. There were 10 gal. in the tank at 10.02, 
o’clock, and this quantity was increasing at the constant 
rate of 4 gal..per minute. Therefore at any time ¢ there 
will have elapsed t—2min. since 10.02, and the given 
value. of V will have increased by 4 (¢— 2) gal. Hence, at 
any time, V=10+4(¢—2)=2+4414* 


*The same result is obtained if we use the fact that V = 50 when 


t= 12. Naturally, the formula is meaningless for bats ‘i since then V 
would be negative. 
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As this equation is of the first degree, its graph is a 
straight line of slope 4. Thus we see that in this case the rate 
of change of V with respect to ¢ is the slope* of its graph. 
(See also Example 2, § 66.) 

In general, if y=6+ mea is Gal. 
any linear function of x, therate 
of change of y with respect to 
a is the slope of its graph. For 
if we give x an increment Az, 
we have successively 


y tAy=b+mr+ mAxz 5 Min, 
and Ay = mAz. , Fid. 78 
But the rate is found by dividing Ay by Az, giving 
A 


“a =m, the slope of the line. 


(if the rate of change is negative, the function is decreasing.) 

Conversely, if y changes with respect to x at a constant 
rate m, and if y=b when x=), then y= b+ maz. 

Notation. For the sake of compactness the rate unit is 
usually written as a fraction. Thus a rate of 4 gal. per 
minute is written as 4 gal./min. or as 4 Bal - Similarly, 
a speed of 44 ft. per second is written as 44 ft./sec. or as 
at aN This notation will be used in the future. 

In all problems involving rates the units should be clearly 
stated. Thus in Problem 3 below it is insufficient to say 
that the rate of change is 0.019. The correct form is 


0.019 cm. per degree. 


*The slope is equal to the tangent of the inclination only when the 
units are the same on both axes. When the units are different, the slope 
¥1 — Yo, 


of the line joining two points is defined as m = ae 
pms | 


162 INTRODUCTION TO THE CALCULUS 


PROBLEMS 


1. In experiments on the temperatures at various depths in 
an artesian well the temperature (7°) was found to be con- 
nected with the depth (d ft.) by the equation T = 52 + 0.017 d. 
What was the rate of change in the temperature with respect 
to the depth ?. Draw the graph of the equation. 


2. In experiments with a pulley block the pull p (1b.) required 
to lift a weight w (lb.) was found to be p = 0.03 w + 0.5. How 
much does the pull increase per hundredweight increase in w ? 

3. A metal bar increases in length at a constant rate if 
heated. Suppose that at 20°C. its length is 1000 cm, and that 
at 60°C. its length is 1000.76 cm. Find its increase in length 
per degree increase in temperature. Express the length as a 
function of the temperature. 


4. The extension of the spring of a balance is proportional 
to the weight attached to it. The length of the spring is 
4,25in. under a weight of 2lb., and 5in. under a weight of 
8 lb. Express the length of the spring as a function of the 
weight. What is the natural length of the spring ? 


5. Fahrenheit temperature (F) is connected with centigrade 
temperature (C) by the relation F = $C + 32. Draw the graph 
of this function on a large enough scale to make it possible to 
read off corresponding values of F and C correct to one degree. 


6. At a height of 110 m. above sea level the barometer reads 
750 mm.; at a height of 770m. it reads 695 mm. If it is 
assumed that the barometric pressure decreases constantly as 
the height increases, find the rate at which it decreases with 
respect to the height. What will be the pressure at a height 
of 850 m.? Express the pressure as a function of the height. 


7. The boiling-point of water decreases as the altitude above 
sea level increases. At an altitude of 500 ft. the boiling-point 
is 211° and at 2500 ft. it is 207°. Find the rate of change, 
assuming that iv is constant. What will be the poe ae 
at an altitude of 12,000 ft.* 
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8. Water is flowing out of a cylindrical tank of radius 5 ft. 
at the constant rate of 20 gal./sec. How fast is the surface 
falling? If the depth was 15 ft. when ¢ = 0, express the depth 
as a function of ¢ and draw its graph. (1 cu. ft. = 7.5 gal.) 

9. Oil is being pumped into a cylindrical tank of diameter 
4 ft. at the constant rate of 5 gal./min. How fast is the sur- 
face of the oil in the tank rising ? 

10. If 3% + 5y = 8, at what rate does y change with respect 
to? Illustrate by a graph. 

11. Show that if y = 4 — 8a — 2’, y does not change with 
respect to x at a constant rate. 

12. The velocity of a moving point is given by the formula 
v = 50 — 6¢, where v is measured in feet per second and ¢ is 
measured in seconds. At what rate is v changing ? 

13. Show that the circumference of a circle changes at a 
constant rate with respect to the radius. 

14. If a variable point P moves from (2, 8) to (6, — 2) along 
a straight line, at what rate is the ordinate changing with 
respect to the abscissa ? 


79. Variable Rates. If, on the other hand, the pump 
(§ 78) was working at a variable rate, the result just 
obtained cannot be used as before. We cannot say that 
in the next 5 min. the contents of the tank will increase 
by 20 gal., nor can we say that exactly 4 gal. were added 
in any 1 min. of the 10 under consideration. What we do 
commonly say is that the pump was working “on the aver- 
age” at the rate of 4 gal./min. between 10.02 and 10.12. 

In general we have this definition: [fy =f (x), the quotient 
a is the average rate of change of y with respect to x as 
x increases from the value x to x+Az. When the average 
rate is constant, it is of course equal to the change in y 
corresponding to each unit increment of z. | 
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Exampie. What is the average rate at which area is added 
to a square if the length of its side increases from 5 to 9 in.? 
Solution. Let A be the area and a the length of the side of 
the square. From geometry we have 
Alani? 
Give x an increment Az, and we have 
A+AA =2?+ 2aAza + (Ax). 


Hence AA =2xAx + (Az)*, 
and the average rate of increase for any values of a and Az is 
AA 
5 =2a+ Az 
For the case given, «= 
and At=9—5= 4 
AA 
ie =104+4=14. 


Hence the required average rate is 14sq.in. per inch in- 
crease in the length of the side. Note that the average rate 
is a function of both 4 

x and Ag. 90 


In this case the aver- 
age rate appears in the 
graph as the slope of 
the secant (if allowance 
is made for the different scales used for A and zi pe 
the points (5, 25) and (9, 81): 


~, 
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Moreover, successive values of A cannot be computed by 
multiplying this rate by the increments of x and adding the 
results to the value of A for = 5, as can be done when the 
rate is constant. Fair approximations are obtained when Az 
does not differ much from 4; but as Az increases, the results 
become more useless ; in fact, as is easily seen from the figure, 
such a process gives merely the ordinates of points on the 
secant line. 


80. Instantaneous Rates. In the example of the preced- 
ing section it was found that as 2 increases from 5 to 9 
the area increases at the average rate of 14sq.in. per 
inch increase in the length of the side. As 2 increases 
from 5 to 8 we find, by substituting <=5 and Arv=8 in 


, that the average rate of increase in 


: AA 
h ; f 
the expression for as 


the area is 13 sq.in./in. Similarly, as x increases from 
5 to 7 (Av=2), the average rate of increase of the 
area is 12sq.in./in. As Az is taken smaller and smaller 
and made to approach zero as a limit, the average rate 
of increase of the area approaches the limiting value 
10 sq.in./in., which is the ¢nstantaneous rate of change ot 
the area with respect to the side at the instant when the 
latter is 5 in. 
In general we have the following definition: 


The instantaneous rate of change of y with respect to x is 
the limit of the average rate of change in the interval Ax as 
Az approaches zero. 


We can now prove the following important theorem: 
Theorem. If y=f (2), the instantaneous rate of change of 
y with respect to x for x=a ts the value of ou Or a =a. 
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Proof. For any values of z and for Ar#0 the average 


. Ay 
rate of change of y is Adil 


The instantaneous rate is the limit of the average rate 
as Ax—> 0, by definition. Hence 


Ay 


Instantaneous rate = lim — 
Az 0 Ax 


=. By definition of derivative 
a 


Corollary. The rate of change of any function with 
respect to its variable is equal to the slope of its graph 
at the given point. 

8 
Examerte 1. If y= 3a — at what rate is y changing 


with respect to x when x= 3? 


Solution. Differentiating, 


dy _ 
dx EN os 
When z = 3, ot 3 4.5 =— 1.5. 


Hence y is decreasing at the rate of 1.5 units per unit increase 
in «. Note that this is the same as the slope of the graph at 
the point where «= 3. In fact, the slope may be regarded 
as merely the rate of change of the ordinate with respect to 
the abscissa. 


Examp.e 2. At noon a ship bound north is 60 mi, south of 
another ship, which is bound east. If the first ship is sailing 
at the rate of 15 mi. /hx. ., and the second ship at the rate of 


10 mi./hr., how fast is the distance between ‘them changing 
at 2 o’clock ? at 3 o’clock ? 
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Solution. Let A and B be the first positions of the ships 
and C and D their positions after ¢ hours. Then BD=10¢ 
and CB = 60—15¢. Let z be the dis- 
tance between them. Then we have 
at once 


Z2=VCB*+ BD 
= V(60 — 157)? +1002 
= V3600 — 1800¢ + 3254 


To find the rate at which zis changing, 
differentiate : 


B'<-10¢--» D 


Oe ee ee ee ee ee | 


hed i bs 
dz. 325 t — 900 oli 
dé >/3600 — 18007 + 3252 | abe 
At 2 o’clock ¢ = 2 and 
denise Db Miee ‘ns ate 
dé. N/TZ00 2 f° Fie. 80 
that is, the ships are asc each other at the rate of 
6.9 mi./hr. When ¢ = 3, 6 —= V5 = 2.2; that is, the ships are 


separating at the rate of . mi. /hr, 


81. Rectilinear Velocity and Acceleration. Several kinds 
of rates occur so often that names have been given to 
them. Among these are velocity and 
acceleration. Cnt ae ig 

The velocity of a point moving Fig. 81 
along a straight line is merely the 
rate at which its distance from some fixed point is changing 
with respect to the time. Thus, if s represents the dis 
tance of P from the fixed point O at any time ¢, the velocity 


of P is given by the formula 
ds 


v=— 


dt 
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Since a function is increasing (algebraically) if its de- 
rivative is positive, and decreasing if its derivative is neg- 
ative, it follows that the point is moving in the positive 
direction along the line if the velocity is positive and that 
it is moving in a negative direction if the velocity is neg- 
ative. The speed is the numerical value of the velocity. 

The acceleration of a point moving along a straight 
line is the rate at which its velocity is changing with re- 
spect to the time. Hence, if a denotes acceleration and 
denotes velocity, we have at once 


ee 
ead? 
Since »v itself is the derivative of s with respect to ¢, this 


makes a the second derivative (see § 62) of s with respect 


to t; that is, Pee: ( fs Ps 


di ge. 


Examp.e. A point moves in a straight line directed verti- 
cally upward according to the law s = 96¢ —16#. Find (a) its 
velocity and acceleration after 4 sec., (6) how high it 
will rise, (c) how far it will move in the fifth second. 


Solution. At any time, P 
Pu bad = 96 — 32¢t 
dt ‘ 
and a= “ =— 32. 


(2) When ¢=4, v= 96 —32t=96 —128=— 32 ft. /sec., g 8 82 
indicating that the point is coming down at the rate of 
32 ft./sec. Since the acceleration is negative, the velocity is 
always decreasing at the rate of 32 ft. per second per second. 
The speed is decreasing when the point is moving upward and 
is increasing when the point is moving downward. 
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(6) The body will cease to rise when v = 0; therefore 
96 — 32t=0, or #¢=8 sec. 
Its height will be the value of s for ¢= 3; that is, 
s= 96-3—16.3?= 288 — 144 = 144 ft. 


(c) To find the distance moved in the fifth second, find the 
values of s fort =4 and ¢=5; by substitution in the given 
formula these are seen to be 128 and 80 respectively. As the 
latter height is less than the former, it is seen that during the 
fifth second the body came down 128 — 80 = 48 ft. Compare 
this result with the velocity at the beginning of the fifth 
second, which was found in (a) to be — 32 ft./sec. 


Norte. The acceleration of a body falling freely in a vacuum is 
called the acceleration of gravity and is denoted by g. This number 
varies slightly in different parts of the earth, but is approximately 
32 ft. per second per second (sometimes written 32 ft./sec.*).. That 
is, if the positive direction is taken as downward, the velocity of a 
body moving under the given conditions increases by 32 ft./sec. each 
second. If the positive direction is taken as upward, the effect is to 
decrease the velocity, and the acceleration is — g, or — 382. The same 
acceleration is frequently used in studying the motion of bodies fall- 
ing in the air, and fairly good approximations may be obtained pro- 
vided the velocities are not excessive and the falling body is gah in 
proportion to its volume. 

PROBLEMS 


i; yee ot find (a) the average rate of change of y 


with respect to a as # increases from 2 to 4, (6) the instanta- 
neous rate when x = 2, (c) the actual change in y when x 
changes from 2 to 2.5. 

2. If y=a2*— 42*-+ 6, find the rate at which y is changing 
with respect to « when x=1. Using this rate, approximate 
the change in y when @ changes from 1 to 1.2. Why is your 
result not exact ? 

3. Write: the equation and draw the tele of. a function 
which never decreases with respect to its variable. 
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4. If xy? = 36, what is the rate of change of y with respect 
to x when y = 8? Illustrate your result by a graph. 

5. If s=a-+ dt, where a and 6 are constants, show that 
the acceleration is 0. 

6. If s=a- bt + ct’, where a, b, and ¢ are constants, show 
that the acceleration is constant. 

7. A particle falls according to the law s = }g¢. Find its 
average velocity during the first 5 sec. What is the speed at 
the end of 4. sec.? How far does it fall during the next 0.1 sec. ? 


8. If the distance s is measured in feet and ¢ in seconds, 
find the velocity at the end of 2sec. when (a2) s=(1—?#)7}, 
(6) s=Vt+1. 

9. In Problem 8 find the acceleration at the end of 2 sec. 

10. How fast is the reciprocal of x changing with respect to 
x when «= 0.1? when « =10? 


11. Find the rate of increase in the volume of a sphere with 
respect to the radius when the radius is 14in. From this result 
approximate the change in the volume if the radius increases 
from 14 to 14.3 in. 


12. At a certain instant a ship bound north is 6 mi. west of 
another ship, which is bound east. If the first ship is sail- 
ing at the rate of 15 mi./hr. and the second ship at the rate 
of 12 mi./hr., how fast are they separating at the end of 
one hour? 


13. Two railroad tracks intersect at right angles. At noon 
there is a train on each track approaching the crossing at 
40 mi./hr., one being 100 mi. and the other 200 mi. distant, 
Find (a) how fast they are approaching each other at 1 o’clock, 


) when they will be nearest together, (c) what will be their 
minimum distance apart. 


14. As a man walks across a bridge at the rate of 4 ft /sec. a 
boat passes directly beneath him going downstream at 10 ft. /sec. 
If the bridge is 30 ft. above the water, how fast are the man 
and the boat separating 3 sec. later? . 
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15. It is found by experiment that the volume of water 
which at 4°C. has unit volume is given by the equation 
V=1+a(t— 4), where ¢ denotes the temperature and 
a = 0.00000838. Find the rate at which the volume is chang- 
ing when ¢ = 0° and when ¢ = 20°. 

16. The time (¢ seconds) of a complete oscillation of a 
pendulum of length 7 inches is given by the formula 
t= 0.324-V7. Find the rate of change of the time with re- 
spect to the length of the pendulum when /=9in. By means 
of this result approximate the change in ¢ due to a change in 
¢ from 9 in. to 9.2 in. 

17. If there is no transfer of heat, the pressure and volume 
of compressed air are connected by the relation pu“! = C, where 
Cis a constant. If p = 201b./sq. in. when v = 800 cu. in., find 
the rate of change in p with respect to v when v= 800 cu.in., and 
approximate the resulting change in p if v is decreased 10 cu. in. 


82. Related Rates. Frequently the time rate of change 
of one variable is known, and it is desired to find the time 
rate of change of a second variable which is related to the 
first. Such problems are easily solved by differentiating the 
equation connecting the variables implicitly with respect to 
the time and substituting the given values of the variables. 


Examete 1. A barge whose deck is 5 ft. below the level of a 
dock is drawn up to it by means of a cable running over a pulley 
at. the edge of the dock, the cable being 
hauled in at the rate of 4 ft./min. How 
fast is the barge moving when it is Z 
12 ft. away from the dock? 

Solution. Let z denote the length 
of the cable from the pulley to the F 

, 1G. 83 
barge and let w denote the distance 
of the barge from the dock at any time. We are given 
dz 


, da oe: 
nee 4 and are required to find a when « = 12, 
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The equation connecting x and z is seen from the figure to be 


2? = a? + 25. (1) 
Differentiating with respect to ¢, 
dz dx 
aes ae § 9 
De iy at (2) 


dz 
1 dt 
tion in equation (1) that z =13. Substituting these values in 
equation (2), we obtain 
2 (18)(— 4)=2(12)T 
dx 13 


We are given the values of — and #; we find by substitu- 


or 


That is, the barge is moving toward the dock at the rate of 
41 ft./min. Note that a positive result would be erroneous, 
for that would indicate that x is increasing, not decreasing. 


The above problem is typical, and in general the same 
procedure should be followed. The various steps are 


I. Determine the variables involved. These always include 
those for which the rates of change are given or desired. 

Il. Set wp the equation connecting the variables. 

III. Differentiate the equation implicitly with respect to t. 

IV. Substitute the given values of the variables in the two 
equations and solve for the unknowns. 


Exampe 2. The radius of the base of a right circular cone 
is decreasing at the rate of 4 in./min., and the height is in- 
creasing at the rate of 6in./min. At what rate is the volume 
changing when the height is 12 in. and the radius is 6 in. ? 


Solution. Let V,r,and h denote the volume, radius, and height, 


respectively, of the cone. We are given = =— 4and < = 6; 


we are to find a when A =12 andr=6. 


The formula for the volume of a cone is V = Tee 


3 
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Differentiating this on respect to ¢, we have 


aV dh , 2 dr 
dt =3 ol pee Rill dae 

Substituting the given values of the variables, we obtain 
dV 


7 
<r = 5 (86) (6) + 5 (6) (12)(—4) 
= 727 — 1927 =—120 7 =— 3877, 
indicating that the volume is decreasing at the rate of about 
377 cu. in./min. 

ExaMpPLe 3. A pointis moving along the ellipse 27+ 4 ?= 16. 
Find the points where « is increasing at the same rate as y is 
decreasing. 

Solution, Differentiating the given equation with respect to 
t, we have 

Qe “ +8y— “Y = 0, 

We are given 

du dy 
a a“ 
Substituting this in 
the previous equation, 
we ha 


— 20h + sy 


Canceling oe and solving for x, we get x= 4y. Solving this 


des Fig. 84 


simultaneously with the equation of the ellipse, we obtain. 


2 
=+4+— =+ 0.9 
aaa VE = 
8 
and c= ae =-+ 3.6. 


Hence the required points are (3.6, 0.9) and (— 3.6, — 0.9) 
The figure confirms the pairing of the values. 
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PROBLEMS 


1. A ladder 24 ft. long leans against a vertical wall. If the 
lower end is being moved away from the wall at the rate of 
3 ft./sec., how fast is the top descending when the lower end 
is 8 ft. from the wall? 


2. In Problem 1 find when the lower and the upper ends 
are moving at the same rate. 


3. A conical funnel is 14 in. across the top and 12 in. deep. 
A liquid is flowing in at the rate of 60 cu. in./sec., and flowing 
out at the rate of 40 cu.in./sec. Find how fast the surface of 
the liquid is rising when it is 6 in. deep. 

4. A man 6 ft. tall walks away from an arc light 15 ft. high 
at the rate of 3 mi./hr. (a) How fast is the farther end of his 
shadow moving? (6) How fast is his shadow lengthening ? 


5. A kite is 80 ft. high, with 100 ft. of cord out. If the 
kite starts moving away horizontally at the rate of 5 mi./hz., 
how fast is the cord being paid out ? 


6. A boat is fastened to a rope which is wound about a 
windlass 20 ft. above the level at which the rope is attached to 
the boat. The boat is drifting away at the rate of 8 ft./sec. 
How fast is it unwinding the rope when 30 ft. from the point 
directly under the windlass ? 


7. The volume of a sphere is increasing at the rate of 
16 cu. in./sec. How fast is the radius increasing when it is 
6 in. ? 


8. Find how fast the surface is increasing in Problem 7. 


9. Sand is being poured on the ground from an elevated 
pipe and forms a pile which has always the shape of a right 
circular cone whose height is equal to the radius of the base. 
If the sand falls at the rate of 6 cu. ft./min., how fast is the 
height of the pile increasing when the height is 5 ft.? 


10. The radius of a cone is decreasing at 2 in./min., and the 
altitude is increasing at the rate of 3 in./min. When the radius 
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is 18 in. and the altitude is 20in., find (a) the rate at which 
the volume is changing, (6) the rate at which the curved surface 
is changing. 

11. The diameter of a hemispherical bowl is 18in. If the 
depth of the water in it is increasing at the rate of } in./sec. 
when it is 8 in. deep, how fast is the water flowing in? (The 


volume of a segment of a sphere of radius r is a _ 3) 
where / is the height of the segment.) 

12. If y= 2’, and @ is increasing at the rate of } unit/min. 
when # = 2, find (a) how fast y is changing, (6) how fast the 
slope of the graph is changing. 

13. The path of a moving point is the curve 2?— 4y7= 36, 
If x increases steadily at the rate of 2 units/min., find how 
fast y is changing at the point (10, — 4). 

14. The velocity of a jet of liquid issuing from an orifice is 
given by the formula v? = 2 gh, where h is the height of the 
liquid surface above the orifice. If # is decreasing at the rate 
of 3in./min., find how fast the velocity of flow is changing 
when h= 100 ft. 

15. If y7= 22, and & is decreasing steadily at the rate of 
0.25 units/min., find how fast the slope of the graph is chang- 
ing at the point (8, — 4). 

16. If 100 y = 400 — z?, and y is increasing at the rate of 
0.1 unit/min. when x = 20, find (a) how fast x is changing, 
(6) how fast the slope of the graph is changing. 

17. A point moves along the parabola whose equation is 
4y= 2x? so that the abscissa increases at the constant rate of 
2 units per second. At what rate is the distance between this 
point and the point (0, 4) changing when a= 2 and when 
a= V8? 

18. The velocity of a point moving along a straight line is 


given by v?=a-+ “8, where a and 6 are constants. Show 


2 ik b 
that the acceleration is — a 


.— 
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83. Relation between the Increment of a Function and its 
Rate of Change. If y=/(t) changes at a constant rate, the 
amount of change in y during any time interval At may be 
found by multiplying the rate by At. Thus, if y is the height 
ofa balloon which is rising at the constant rate of 6 ft./sec., 
(that is, ay = 6) the height will increase by 6 At feet in At 
seconds, or Ay=6 At. Similar remarks, of course, apply to 
other constant rates of change, and it is this use of rates 
which the student has most frequently met in arithmetic 
and algebra. This may be stated formally as follows: 


If the rate of change of y with respect to x is constant, 
Ay = Az times the rate of change of y with respect to x. 


When the rate of change is not constant, this equation 
is no longer true. But the product of the rate by Az will 
give an approximation to Ay, which is increasingly accurate 
as Az is made smaller. For example, consider the area of 
a square, which is given by the formula A=2*. The rate 


of change of A with respect to 2 is “= 2a” for any 
2 


value of 2; and when 2= 25, this becomes 50 sq. in./in. 
This would indicate that an addition of Av = 2 in. to the 
length of the side of the square would increase the area by 
AA=2 x 50 =100sq.in. But the actual increase in the 
area is (27)*— (25)?=104 sq. in., — a discrepancy of 4 sq. in. 
When Az=0.5 in. the use of the rate of change would 
make AA= 0.5 x 50 = 25 sq. in., while the true value of 
AA=(25.5)?—(25)?= 25.25 sq. in. In this case the cal- 
culation of AA by means of the rate of change is in error 
only 0.25 sq.in. In ordinary speech we explain this by 
saying that the rate may he regarded as constant if the 
change in @ is only small enough. This principle leads to 
the important notion of differentials, 
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84. Differentials Defined. The differential of a function 
of a variable is the product of its derivative with respect to 
the variable by the increment of the variable. 


The differential of a function is denoted by the letter 
d prefixed to the symbol denoting the function. The 
above definition may then be stated thus: If y=/(z), 


dy=df (2) =f'(#) Ar= oY An, Evidently dy is a function 
both of x and of Az. 

If f(2)=2, f'(x)=1. Hence dr=1Az= Az; or the differ- 
ential of the endependent variable equals the increment of 
‘the independent variable. On this account it is customary 
to write the relation dy =f'(x)Az in the form dy = f’(2) da, 
and this practice will be followed in the future. 

The student must not, however, make the mistake of 
thinking that the differential and the increment of the 
dependent variable are identical. The difference is shown 
geometrically in the following section. 

If we remember that f’(x) is the rate at which y=f(2) 
increases with respect to 2, it appears that dy is the approz- 
imation to the increment of y corresponding to Ax, which we 
obtain by assuming that Ax 1s small enough to permit us to 
regard y as increasing at a constant rate. 

85. Geometric Meaning of the Differential. In the follow- 
ing figures let P be any point on the graph of y=/(«), 
let PS be the tangent at P, and let @ be a neighboring 
point on the curve. 

Evidently PM=Axv=dz, and MQ=Ay. Moreover, angle 
SM ei 

Hence = tana = a; ; 
or, since m= f"(2), a zig (a) dx.” 

But, by definition, dy=/"'(x) dv. 

Therefore dy = MS. 
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Thus we have shown that if P(a, y) is a point on 
the curve y=f(x), then, for a particular value of x and 
an arbitrarily chosen value of the increment dx, Ay is the 


Fig. 85 


corresponding increment of the ordinate drawn to the curve, 
and dy is the corresponding increment of the ordinate drawn 
to the tangent at P. 

It is instructive to calculate the increment of y and 
the differential of y for a particular case. Let us take 
the curve whose equa- y 
tion is 4y=2? and 
find the values of dy 
and Ay for «=1 and 
dg 0.5. 

Differentiating, we find 

dy «2 


that —4=-=-|, and hence 
dz 2 Fig. 86 


dy = = de. For «=1 and dr=0.5 this gives dy = 0.25. 
When z=1, y =F = 0.255 when 2 = 1.5, a 0.56. 
Hence Ay = 0.31. Thus Ay differs from dy by 0.06. 
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It is also obvious from the figures that as Ax becomes 
smaller, dy and Ay become more nearly equal. To confirm 
this let us find dy and Ay when Ay=0.1. As above, we 
obtain Ay = 0.0525, dy = 0.05, and Ay — dy = 0.0025 only. 

86. How to find Differentials. The definition indicates 
the method of finding the differential of a given function ; 
namely, to find the derivative, and to multiply it by the 
differential of the variable. Therefore, to every formula 
giving a derivative there corresponds one giving the differ- 
ential. For example, de=0; d(u")=nu"~‘du; ete. 


Examp.e 1. Find the differential of «(2 — 3a)* 
Solution. d[a(2—3a)*?]= & [a (2 — 32)*]da 
= (2'— 32)(2— 9x) de. 
Exampte 2. Find dy and Ay if y = x”. 
Solution, dy=d(a*)= < (@) de = 2 ede. 
Ay = f(a + da) — f(x) = (a + dx)? — x” 
= 2adx+ dx’. 


Thus the difference between Ay and dy is dx’, a quantity which 
is comparatively negligible if dx is small. 


When the function is implicitly expressed, it is usually 
simpler to get the differential of each term, regarding both 
variables as independent, and then to solve for dy in 
terms of dz. 

Exampie. Find dy, if cy = 2*—1. 

Solution. d (ay) = d(a*) — d(1). 

ady + ydx« = 2adx — 0. 
2adx—yde 2% — Lebel 
aw aw 


dy = 
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1. Find the differentials of each of the following functions : 


a. x(1 — x”)? op Ue - A - 

b Vi-+a y+ 

ado etVitt. ; 
di h 4 or 

* f. « Va — be. eed 

2. Find dy in terms of x, y, and da if 

a. Vz + Vy = Va. d. 'xy== ©. 

b. 2? + y® = 3 any. ewyt4y=4. 

c. Bx? — ay? = a’b?. f.cyty+4e=0. 


3. Find algebraically dy and Ay if y=«*. Also find their 
difference if «= 1 and dx = 0.1: 

4. Find algebraically ds and As if s =16¢— 8#. Also find 
their difference if ¢ = 3 and At = 0.5. 

5. Show geometrically that, if y is a linear function of ax, dy 
and Ay are equal. 

6. In each of the following equations find dy for the values 


of « and dx given. In each case draw a small arc of the curve 
near the point named and mark da, dy, and Ay. 


a. y=T—6x+n',0=2, dx = 0.3. 
by = N ile Te OL 
Cf tt Ae SO thie = OZ. 
da. + oy? = 25,2 = 4; y= — 3, de = 0.3. 
7. Find algebraic expressions for dy and Ay if y = 2. From 


these find the error in assuming (# + dx)? = 2+ d(a’) if 
dx = 0.1. 


8. Show that (« + dx)’ is approximately equal to 2? + 3a%da 
if dx is small. Use this result to approximate (10.2)*. 


9. Show that f(w + Aw) = f(a) + df(x), approximately. 
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87. Approximation of Increments and Errors by Means of 
Differentials. The fact that for small values of dz the cor- 
responding increment of f(2) is closely approximated by 
df(x) is of considerable utility in approximating quan- 
tities which can be expressed as increments of functions. 

For example, let it be required to find the amount of 
material needed to make a hemispherical shell of inner 
radius 10in. and-of thickness } in. This is exactly the 
difference of two hemispheres of radii 10 in. and 10.125 in. 
respectively. If we let V be the volume of a hemisphere 
of radius Rk, V=27R’*, and the desired result is the value 
of AV when R=10 and AR=0.125. To calculate this 
is troublesome, and, if an approximation only is desired, 
the more easily obtained value of dV will suffice, since 
the differential is approximately equal to the increment 
when the increment of the independent variable is small (see 
§§ 84, 85). Hence the amount required is approximately 


dV =27h'dR = 27 (100) (0.125) = 25 7 =78.5 cu. in. 


Note that dV = 27Rd& is merely the product of the inner 
surface of the shell by the thickness. 

Good judgment must be employed in using this method. 
If, in the example given above, d# were too large, the re- 
sult would be worthless. In this particular case the exact 
value, AV, is 79.5 cu. in. 


Exampie. Use differentials to approximate V127 and V123. 


Solution, Since the number 127 differs but little from the 
perfect cube 125, we can get a good approximation by finding 
the value of the differential of y = Va for « =125 and da = 2. 


Differentiating, dps yar? ro ee 
| = fi, = 0.027, 
Hence V127 = y + dy =5 + 0.027 = 5.027. 
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To find V123 observe that da =— 2 and hence dy =— 0.027. 
Pbauatprs 4/123 = 4.973. 


As dx becomes larger the method of course becomes increas- 
ingly unreliable. 


Errors. When the value of a function is obtained by 
calculation, it may: happen that the value of the inde- 
pendent variable is not exactly known, as is always the 
case when it is obtained by measurement. It is then de- 
sirable to know approximately the error in the function 
due to the possible small error in the variable. This is 
equivalent to approximating the increment in the fune- 
tion corresponding to a smali increment in the variable. 
Hence the differential of the function is the desired error, 
approximately. 


Exampte. The height and diameter of a cylinder are meas- 
ured, and are found to be 6 in. and 4 in. respectively. Assuming 
that the first measurement can be found exactly, but that the 
diameter may be in error =}, in., find the error in the caleu- 
lated volume. Also find how accurately the diameter must be 
measured in order that the error in the calculated volume shall 
not exceed 0.1 cu. in. 


Solution. Since h = 6 exactly, we have V = 6 m7r*. The error 
in 7 is one half that in the diameter; that is, dr = + 0.01 in. 
Hence the possible error in V is 

dV =12 mrdr =+ 12 7(2) (0.01) =+ 0.249 = + 0.75 cu, in. 

To answer the second question, we have 

dV =127RdR, where R=2 and dV =+ 0.1. 
Hence +01=247dR and dR= +f = + 0.0013. 
T 
Therefore the error in the measured value of the diameter 
must not exceed 0.0026 in. if the error in the calculated value 
of the volume is not to exceed 0.1 cu. in. 
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PROBLEMS 


1. Find an approximate formula for the area of a circular 
ring of radius 7 and width dr. What is the exact formula? 

2. If A is the area of a square of side a, find dA. Drawa. 
figure showing geometrically the square, dA, and AA. 

3. Find an approximate formula for the volume of a thin 
eylindrical shell with open ends if the radius is 7, the length h, 
and the thickness ¢. 

4. The acceleration (a) due to gravity varies inversely as 
the square of the distance (s) from the center of the earth and 
is 32.2 at the surface of the earth (that is, a= 32.2 when s 
equals the radius of the earth, which is about 21,000,000 ft.). 
Find the formula for a in terms of s and the change in a pro- 
duced by going up 21,000 ft. in a balloon. 

5. A box is to be constructed in the form of a cube to hold 
8 cu. ft. How accurately must the inner edge be made so that 
the volume will be correct to within 10 cu. in.? 

6. The time of one vibration of a pendulum is given by 
the formula orl 


where ¢ is measured in seconds, g = 32.2, and J, the length of. 
the pendulum, is measured in feet. Find (a) the length of a 
pendulum vibrating once a second, (}) the change in ¢ if the 
pendulum in (a) is lengthened 0.01 ft., (c) how much a clock 
with this error would lose or gain in a day. 

7. If y=! and the possible error in measuring a is 0.2 
when «x = 16, what is the possible error in the value of y? Use 
this result to obtain approximate values of (16.2)! and (15.8)?. 


8. Use differentials to find an approximate value of v 

é ntials to fin ae 
se differe APP aa 

9. Show by means of differentials that 


1 
x2 + dx 


= * — “ (approximately). 


~ 
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10. The reciprocal of 25 is 0.04. Find by differentials a 
good approximation to the reciprocal of 24.7. 

11. What is the effect upon the volume of a cylinder if there 
is a possible error of 0.05 in. in measuring the radius and the 
altitude, which are found to be 8 in. and 12 in. respectively ? 

12. The brake horse power of an engine with m cylinders of 
diameter din., according to the rating of the Association of 


Automobile Manufacturers, is given by the formula P = ete 
Approximate the increase in horse power of a four-cylinder 
engine obtained by increasing the diameter of each cylinder 
from 31 to 33 in. 

13. The volume of a sphere is increasing at the rate -of 
16 cu. in./sec. Approximate the increment in the radius in the 
next } sec. after the radius becomes 6 in. 


88. Relative Error. In judging the accuracy of meas- 
ured quantities or of others dependent upon them, the 
actual value of the possible error is usually of less impor- 
tance than the relative error. The relative error is the ratio 
of the actual error to the quantity under consideration. 
For example, if a mile is measured with a possible error 
of 1 ft., the relative error is z54,5 = 0.00019, and this meas- 
urement is relatively as accurate as that of a foot with a 
possible error of 0.00019 x 12 = 0.0028 in. 

The relative error in a quantity is sometimes expressed 
as a percentage, and is known as the percentage error. In 
the example just considered, the percentage error was 0.019 
per cent,— less than two hundredths of 1 per cent. 

By definition the true value of the relative error in a value 


of y may be expressed as Ay, but unless the measurements 
are grossly inaccurate, Ay is nearly equal to dy, and the rela- 


tive error is therefore closely approximated by the value of dy. 


Ps 
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Examp.e 1. The radius of a sphere is measured as 3 in., 
with a possible error of 0,02 in. Find (a) the greatest possible 
error in the calculated volume, (b) the greatest possible relative 
error in the calculated volume. 


Solution. (a) We are given r= 3 and dr=0.02. We are 
required to find dV. Differentiating v= a, we obtain 
dV=4mr'dr. 


Substituting the values of r and dr, we obtain 
dV = (4 2) (9) (0.02) = 0.72 a = 2.26 cu. in. 


(6) To obtain the relative error in V, we may proceed in two 
ways. The first is to calculate the value of V for r = 3, which 
is 367 cu.in. The relative error is then 


— = =n — = 0.02 = 2 per cent. 
7 


aV , 
It is usually better, however, to find a in terms of r and 
dr before substituting. By formula, 


a ore and dV = 4 -r'dr. 


Dividing dV by V, we find 


dV _ 4 mrdr 3dr dr 3 (0.02) 
Vo Arr hee. 3 


——— 


3 


Examprz 2. Show that the relative error in the product of 
two numbers may be as great as the sum of the relative errors 
of the numbers. 


Solution. Let the numbers be wu and v and let y be their 
product; that is, y= wv. We are required to investigate of 
Differentiating, we have 
dy=udv+vdu, 


= 0.02 = 2 per cent. 
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The relative error in y is obtained by dividing by y = wv: 
dy vd rode oe | dy 


uv v u 
dv 


But a and oe are the relative errors in v and w respectively. 
Hence we have proved that the relative error in the product 
is the sum of the relative errors of the factors if du and dv 
are both positive or both negative. 

The result just obtained is of some importance in calculation. 
It shows that the product may be less accurate than either of 
the factors forming it. For example, if w is 2 per cent too 


een eh 
large and v is 3 per cent too large (that is, if = = 0.02 and 


oul 0.03) » then y will be about 5 per cent too large. Only in 
v 


the case where one number is too large and the other too small 
will the errors tend to compensate each other. 


PROBLEMS 


1. How exactly must the diameter of a circle be measured 
in order that the area shall be correct to within 1 per cent ? 

2. Show that the relative error in the volume of a sphere, 
due to an error in measuring the radius, is three times the 
relative error of the radius. 

3. Show that if y = Va the relative error in y due to an 
error in x is one half the relative error in a. 

4. Show that the relative error in the nth power of a num- 
ber is » times the relative error in the number. 


5. Show that the relative error in the nth root of a number 


sue ee ; : 
is = times the relative error in the number. 


6. When a cubical block of metal is heated, each edge in- 
creases yy per cent per degree increase in temperature. Show 
that the surface increases .% per cent per degree, and that the 
volume increases 4%, per cent per degree. 
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7. The value of gy may be found by timing the vibration 
of a pendulum. Find the relative error in g due to a rela- 
tive error of 1 per cent in measuring the time of vibration of 
a pendulum. 

Hiv. First solve the formula, given in Problem 6 (p. 183), for g 
in terms of ¢ and /. 


8. The value of g is found by timing the vibrations of a 
pendulum whose length was measured as 7.34 ft., with an un- 
certainty of 0.005 ft. The time of each vibration was 1.5 sec., 
which was assumed to be exact. Find the value of g, the great- 
est possible error in this value, and the greatest possible per- 
centage error. (See hint in Problem 7.) 

9. The boiling-point of water at altitude H(ft.) above sea 
level is given by H = 517(212°— 1) — (212°— T)?, T being 
the boiling temperature in degrees Fahrenheit. Find the un- 
certainty in the calculated value of H if the uncertainty in 
the measured value of 7 is 1° and 7 is measured as 200°. 


89. Velocity along a Curve. When a point moves along 
a curve, as in Example 3 of § 82, with a constant or vari- 
able speed, it is desirable to find the rates at which x and 
y decrease or increase. For the position of the point at 
any instant is given by its codrdinates x and y, and the 
measurement of lengths along a curve is not an easy 
process. 

We must first distinguish between the terms velocity 
and speed. In mechanics the term speed is used to denote 
how fast an object is moving, while velocity denotes its 
speed and direction. Hence an object moving along a 
curve cannot have a constant velocity (since its direction 
is changing), but may have a constant speed. The speed 
of an object at a point is the magnitude of its velocity, 
while the inclination of the curve at that point gives the 
direction of the velocity. 


= 
~. 


~ 
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Let us denote the distance measured along the curve 
from a fixed point A to the variable point P(s, y) by s 
If v denotes the speed of P, clearly v is the time rate at 
which s changes, or ya. Y Q 
The rate at which z changes, 


P(#,y) 
or a , is denoted by v, and is 


called the 2-component of the 
velocity. Likewise v, = “a is Fia. 87 

called the y-component of the velocity. We now proceed to 
find the equation connecting these quantities. Obviously 
vy, and v, depend upon the direction as well as the magni- 


tude of v. 


Theorem. If v denotes the velocity of a point along a curve, 
and if v, and v, are its x-component and y-component, then 
Urs) UE ea tsis . 

Proof. In the above figure let the moving point P(a, y) de- 
scribe the distance s along the curve from the fixed point A in 
time ¢. According to the above definitions we must prove that 


as” fax\* (ay\" 
(ie) = Ca) + Gi): @) 
Let Q be the position of P at time ¢ + At; its codrdinates 
may be denoted by (a + Aw, y+ Ay). The are PQ is the cor- 


responding increment of s and may be denoted by As. Let PQ 
always denote the chord. 


We cannot express As directly in terms of Ax and Ay, but it 
is obvious that. : 
(PQ)? = (Ax)? + (Ay)? 
Dividing both sides by (At)?, we have 


(an) = Ge) + (Be) ® 
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As _ As PQ 
At PQ At xi 
At, and in consequence PQ, approaches 0, im 5a =1. Hence 
we have 


- We shall assume as axiomatic that as 


As As PQ 
lim — = lim — lim 
at>oAt At- oPQ A4t>0 At 
ime 
at>o At 
‘ Ax ay. 
bs (3) “s iat ye) 
dsr... d 
But, by the definition of derivative, lim = Sa Slim 2 =, 
are lim dt sesoAt de 
and lim me ga Hence this last equation gives 
A4t>0 


ds _ da\? “Ly 
dt V+ : 


Squaring both sides, we have equation (1), which was to 
be proved. 


Direction of Motion. We should also note the additional 
fact that if m denotes the slope of the curve at any point, 


mets 
v, 
dy 
v, dt dy dt 
For v, de dé de by § 59 
dt 
dy 
= 5 
a by § 56 
= M, By § 44 


The applications of the relations above are far-reaching. 
We can at once find the component velocities if the ve- 
locity along the curve is known, .or we can determine the 
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velocity along the curve if we know one of the component 
velocities, provided, of course, that the path of motion is 
also known. 


ExAmMp.e 1. A point moves along the curve whose equation is 
4 y=8 x—2* (the unit of distance being 1 ft.), with a velocity such 
that its «component 
is constantly equal to 
2ft./min. Find its ve- 
locity along the curve 
at the point (6, 3). 

Solution. Differen- 
tiating with respect to 
t, we have 


O x 
dy _ dx 
oF 8 . 2x Fic. 88 
Substituting the i values of « and v, = -, we obtain 
4 8x 2-2x6x2=-8; 
that is, _ v= ae 2 ft./min. 


dt 
By the above theorem, 


P= usb oy; 
hence v=v4 + 4 = 2.828 ft./min. 
We note also that the slope of the curve at this point is —1, 


since! =— 1. 

_ Exampre 2. A point moves in a counterclockwise direction 
along the circle a? + y*? = 100 (the unit of distance being 1 in.), 
with a constant speed of 6in./min. Find the components of 
its velocity at the point (6, 8). 

Solution. Differentiating the given equation with respect to ¢, 
we have aa 


dy _ 
teat 2yo = = 0. 
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Substituting the given values of # and y and solving for ey, 
we obtain Le 
dy bia 
dé 4 dt 

or Vy = 4 UL* 
But we are given v= 6. Hence 
vg + v2? = 36. 
Substituting for v,, 


v2 + Yau? = 36, 


16 x 36 
0 cS =+ 4,8. 
Se Hes D5e) | Fie. 89 
Since the motion is counterclockwise, v, = — 4.8. Substitut 


ing this above, we find that v, = + 3.6 in. /min. 


90. Parametric Equations. Since v and its components 
are derivatives with respect to the time, it is convenient 
to have the codrdinates of the point tracing the curve 
expressed as functions of ¢ When each codrdinate is 
expressed as a function of any third variable t, the equa- 
tions are called the parametric equations of the curve, and 
tis called the parameter. To plot such a locus, simply com- 
pute the pairs of values of x and y corresponding to vari- 
ous values of ¢ and plot the points as usual. To reduce the 
equation to the usual form eliminate the parameter between 
the equations. 


Exampte. A point moves according to the laws 2 = 2 + 2, 
Be 
| Tea 
(a) Plot the locus. 
(6) Find the position and velocity of the point and its direc- 
tion of motion after 3 sec. 
(c) Eliminate the parameter. 
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Solution. The adjacent table of values is obtained by sub- 
stituting in the equations. The dotted portion of the curve 
corresponds to negative 
values of ¢, which may or Y 
may not have a meaning. 


10 


When ¢=3. the. table ™ 
shows that the position of 
the point is (11, 9). To find 
its velocity, differentiate each equation with respect to ¢, and 
substitute ¢ = 3. We obtain 


Fie. 90 


PS Se 
and Y= t= ,9! 
Hence vy = V36 + 81 = V117 = 10.8. 
To find its direction of motion, use the fact that m = ma This 


gives m=%; or the point is moving upward in a direc- 
tion inclined at 56.31° (56° 19’) with the positive half of the 
c-axis. 
_ To eliminate the parameter, solve the first equation for 
t in terms of x, getting t= Va — 2, and substitute this in 
the second equation: 

@-2)! 


: as 3 


The curve could, of course, be plotted from this last equation, _ 
but with more difficulty. : 
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PROBLEMS 
1. Plot the following parametric equations : 
1 
Ol 2.8 AY frw=1—?,y = 2. 
G@=P + Ty s= 

be = Lib, : 

Berne 2 hex =16t, y=16¢t—#. 
da =2t,y=3t—6. dpa fe Sere 
e 


fe nt ge 8 Jizz ¢ 2) qe t. 

2. Eliminate the parameter in each pair of equations in 
Problem 1, 

3. In each curve in Problem 1 find the speed and direction 
of motion when ¢ = 2. 


4. A boat which can steam 16 mi./hr. is heading due north 
across an ocean current setting east at 3 mi./hr. In what direc- 
tion is the boat really going and how fast ? 


5. A point moves upward from the point (6, 0) along the 
straight line whose equation is 4% —3y = 24, at a speed of 
16 ft./sec. Find v, and v,, and express x and y in terms of ¢ 
as a parameter. 


6. A point describes each of the following curves. Find its 
speed and direction of motion in each case, and illustrate by a 


figure : 
a. a. 922+ 4y?=100, v,=—-1,y=4. 


6.84 =a, v,= 3,2 =— 2. 
Cc. 47 = 2", wa=—2,y=4. ; 
d. y(4 + 2) = 8,v,= 2,2 =0, and «= 2. 


Wack. moving point describes the curve whose equation is 
y =x?—32°—9a—4 with a constant speed of 16 ft./sec. 
Find the points where v, = 0.. What is v, at these points ? 
Sketch the curve. | 

8. A moving point describes the curve y? = 82 with a con- 
stant speed of 4 ft./sec. Find v,, v,, and the direction of motion 
at the point (2, — 4). 
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9. A point moves counterclockwise about the circle whose 
equation is 2? + y*= 36. Find the two points at which v,= v,. 
10. A moving point describes the curve whose equation is 
y=16+42—2’ with a constant speed of v = 16 ft./sec. Find 
the point where v,= 8 ft./sec. 

11. The slope of a curve at a certain point is — 4, and the 
speed of the point describing it is 24 ft./sec. at that point. 
Find v, and »v,. 

12. A projectile is hurled at an angle with the horizontal 
whose tangent is 3, with an initial speed of 200 ft./sec. What 
are the values of v, and v, initially ? Which of these remains 
constant if air resistance is disregarded ? In the light of the 
note at the end of § 81, write a formula giving v, at any time. 


CHAPTER VII 
THE CIRCLE, PARABOLA, ELLIPSE, AND HYPERBOLA 
THE CIRCLE 


91. The Standard Equation of the Circle. In the first 
chapter it was shown that the equation of every straight 
line is of the first degree and, conversely, that the locus 
of every equation of the first degree is a straight line. In 
a similar way we shall now 
find the form of the equation 
of every circle. 

Let P (2, y) be any point on 
a circle whose radius is 7 and 
whose center is C(h, £). Since, 
by the definition of a circle, 
the radius is constant, we have 


at once, for all positions of P, Fic. 91 
CP=r; 
whence V@—h)’+(y—h*=", 
or 
(I) (x—h)'+(y—BHP=P". 


Equation I is the standard equation of a circle, and may 
be used to write the equation of any circle when its center 
_ and radius are known. In the above figure the center is 
(— 2, 1) and the radius is 3. Hence the equation is 


(2+ 2+ (y-lt=9. 
195 
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The position and size of the circle depend upon the 
three arbitrary constants h, k, and r. Since / and k are 
merely the codrdinates of the center, they may be either 
positive or negative, while r is necessarily positive. 

If the center is at the origin, A=0 and k=0, and 
form I reduces to 

(Ia) e+y=r’. 

This is usually employed when it is desired to study 
some property of the circle which does not depend upon 
its position. 

92. The General Form of the Equation of the Circle. If 
we expand the parentheses in equation I and collect the 
terms, we get 


e+ y—2ha—2ky+(h+h—1’)=0. 


Since — 2h, —2h, and h?+ k?— 7°? are constants, this may 
be written in the form 


(11) x+y'+ Dx+Ey+F=0, 
which may be called the general form. If the equation of 
a circle is given in this form, it can be reduced back to 
form I by merely completing the squares in 2 and y. 

The most general equation of the second degree in z 
and y 8 4a24 Boy + Oy! + Dr Ey +F=0. 
This equation can be reduced to the general form of the 
equation of a circle if, and only if, B=0 and C=A. 
When B= 0 and C= A #1, the equation can be reduced to 
form II by merely dividing through by the common value 
of A and C. Thus we have proved the following theorem: 

Theorem. The locus of an equation of the second degree is 
a circle if, and only tf, the coefficients of a? andy” are equal 


and there is no ay term. ive: the pe exception in 
Example 2 below.) 
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93. To find the Center and Radius ofa Circle. As stated 
in the preceding section, if the equation of a circle is given 
in the general form it can be reduced to the standard form 
by completing the squares in z and y. The center and the 
radius can then be identified at once. 


Examene 1, Find the center and the radius of the circle 
whose equation is 


Qot+2y+4+8"2—6y+7=0. 


Solution. Dividing through by 2, 
we have the general form 


e+ytd4a—38y+7=0. 


Fig. 92 


To find the center and the radius, 
reduce this to form I by transposing % and completing the 
squares. 

@+dotdtY—B8yt+e=—F+4+9=4, 
3\e11 = 
2 —_-= SS SS | 
rahi +(y 3) 4 ( 2 
Comparing this with the standard form, we see that A = — 2, 
3 Vil : 
k= 3° and r= eeu 1.66, approximately. Hence the center 
is (— 2, 3), and the radius is about 1.66. 

The algebraic work is so simple that a check is scarcely 
necessary; but if one is desired, the simplest is to find one or 
more points from the given equation and compare them with 
the figure. Here the w-intercepts are 


lag MEL ay roe 22 pr riot 12 1°38, 
ExamepLeE 2. What is the locus of 27+7?—82+4y+21=0? 
Solution. According to the preceding theorem it is a circle. 
Completing the squares as before, we have 


(2 — 4)? +(y+ 2)?=—214164+4=-1. 
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But here 7?=—1, making r imaginary. An inspection of the 
equation shows that the locus is imaginary, as (« — 4)? and 
(y + 2)? are squares and therefore never less than zero; hence 
their sum cannot equal — 1. 

To avoid having exceptions we say that the locus is an imag- 
inary circle. When r= 0, making the locus a point, we call it 
a point-circle. Such forms are called degenerate forms. 


94. The Slope of the Tangent. As in the case of other 
curves, we find the slope of the tangent to a circle by dif- 
ferentiating its equation. 

It is also easy to show that the tangent is perpendicular 
to the radius drawn to the point of contact. For by dif- 
ferentiating the standard equation 


@-Wt+Qy-—bHt=7, 


we have 2(@—h)+2(y- HY =O; 
_dy_  «—h 
whence UE ake ee eel 


But the slope m’ of the radius joining the center C (A, k) 
to the point P(a, y) on the circumference is 


ranger ke 
sic pay 
Hence mm! =—1, which is the criterion for perpendicu- 


larity.* 

In problems involving the tangent to a circle the slope 
may be found either by differentiating or by using the nega- 
tive reciprocal of the slope of the radius. The former method 
is more convenient when the center is not given. 

* We have now reconciled the definition of tangent given in Chap- 
ter III with that given in plane geometry. For the tangent as defined 
in plane geometry is there shown to be perpendicular to the radius to 


the point of contact; and as there can be but one perpendicular to a line 
at a given point, both definitions give the same line. 
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Exampye. Find the equation of the tangent to the circle 
a? + y°— 4% —2y= 20 at the point (5, 5). 


Solution. Differentiating the equation, we find 


=—_ ~~ = —__ , 


Substitution of the codrdinates (5, 5) gives m =— 3. Hence 
the equation of the tangent is 


y—5=—2(¢@—5), or 384+4+4y=35. 


PROBLEMS 


1. In each of the following cases write the equation of the 
circle and reduce it to the general form: 


a. Center (6, 4), radius 6. d. Center (a, 0), radius a. 
b. Center (4, 3), radius 5. e. Center (0, a), radius a. 
c. Center (5, —12), radius 13. f. Center (a, @), radius a-V2. 


2. Find the center and the radius and draw each of the 
following circles: 


a. (a + 2+ (y— 3)? = 25. 

b. (@ —1)7?+ (y+ 4)? = 0. 
acv+ty—8e+6y+24=0. 

d. 2? +7?—132=0. 

e. 2a? + 2y7+15y=0. 
f.4e°+4y7—427—4y41=0. 
g. 4207+ 47'—122— 81=0. 

h. 327+ 377+ 36a —-14y=0. 

i. a? +? — 202+ 40y + 379 = 0. 
j. 627+ 6y = 25y. 


3. Determine by inspection which of the circles in Problem 2 


a. Have their centers on the a-axis. 
b. Have their centers on the y-axis. 
c. Pass through the origin. 


200 INTRODUCTION TO THE CALCULUS 


4. Find the equations of the circles satisfying the following 
conditions and draw the figure in each case: 


. Center at (1, 2) and passing through (— 2, 3). 

b. Having the line joining (2, — 4) and (4, 6) for a diameter. 

c. Center at (— 3, 5) and tangent to the x-axis. 

d. Center at (4, — 2) and tangent to the y-axis. 

e. Center on the line y=7, radius 2,and tangent to the y-axis. 

f. Center on the line x + 2=0, radius 3, and tangent to 
the x-axis. 

g. Radius 5 and tangent to both axes. 

h. Center on the line x = 5, radius 13, and passing through 
the origin. 

i. Center at the origin and tangent to the linex + y = 6. 

j. Center at (1, 2) and tangent to the line x—y—4=0. 


5. Draw the system of circles defined by («+ 4)?+ (y—3)=k 
for the following values of k: k = 25, 16, 9, 4, 1, 0, —1. 

6. a. The point (%, }) bisects a chord of the circle x? + y’?= 25 
Find the equation of the chord, and its length. 

b. Solve the same problem for the point (4, 7) and the circle 
ve+y—4xe—6y=12. 

7. Find the locus of the vertex of a right triangle which 
has the ends of its hypotenuse at (0, — 3) and (6, 5). 


8. Find the locus of a point the sum of the squares of 
whose distances from the points (+ ¢, 0) is &. For what values 
of k does the locus fail to exist ? 


9. The ends of the base of a triangle are the points (+ ¢, 0). 
Find the equation of the locus of the vertex if the median to 
one of the sides has a constant length k. 


10. Find the equation of the locus of a point whose distance 


from the origin is always twice its distance from (6,0). Draw 
the locus. 


11. Find the equation of the locus of a point whose distance 
from (— 2, 2) is always three times its distance from (2, — 2). 
Draw the air 


a 


~ 
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12. Show that the locus of a point whose distance from (c, 0) 
is k times its distance from (— ¢, 0) is a circle. Find its center 
and radius. 

13. Find the equations of the tangent and of the normal to 
each of the following circles at the point indicated: 

a. (% + 2)?+ (y — 3)? = 25, (2, 0). 

be? +y?—8x+6y+24=0,2=4. 
cv2+y—1372=0,4=—4. 
d.4%7+4y'—4x%—4y+41=0, (0.8, 0.9). 
e.42°+47—122—81=0,24=6. 
f.32°+3y + 364 —14y =0, (0, 0). 

g. 627+ 6y = 25y, (— $, 42). 

14. Find the angles of intersection of each of the following 

circles and straight lines : 
a. (2 + 2)? + (y — 3) = 25, Tx -y— 8 =0. 
ba +y—8x4+6y+24=0,374+4y=0. 
cet y—132%=0,y=-2. 
d. 4074+ 4y?—4a—4y41=0,2a—14y411=0. 
e.4a°+4y?—12¢— 81=0,44%—2y—21=0. 
f.302°+37+ 362—-—14y=0,2+y=0. 
g. 627+ 67=25y, y= 3-. 

15. Find the angles of intersection of each of the following 

pairs of circles: 
av+yt4y=5,e7+y7—4e=1. 
ba? +7 —8y—-1=0,27?+7—-10%—2y¥y4+9=0. 

16. Find the angle of intersection of two circles of equal 
radii, the center of each of which is on the circumference of 
the other. aceeka ; bd 

17. Two vertices of a regular hexagon of side a are (— a, 0) 


and (5 an) Circles of radius a are drawn with each of 


these points as centers. Find their angles of intersection. 
18. A rectangle is circumscribed about a semicircle. Find 
the angles of intersection of its diagonals with the semicircle. 
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95. Note on the Analytic Method of Solving Problems. 
In the problems of this chapter the methods developed 
previously should be freely used. These have been mainly 
analytical in character, but in solving the easier problems 
there is danger of forgetting the fundamental principle 
involved; namely, that the codrdinates of every point on 
the locus must satisfy the equation. In certain problems a 
keen realization of this principle is essential. This will 
be illustrated in the two following examples: 


Examp_e 1. Find the dimensions of the largest cylinder 
that can be cut from a spheri- 
cal segment which is cut off 
from a sphere of radius 6 in. 
by a plane 2in. distant from 
the center of the sphere. 


Solution. The adjoining fig- 
ure represents a section made 
by a plane passing through the 
axis of the cylinder, which we 
here take as the y-axis. The 
section of the cylinder is a 
rectangle of which one vertex 
P(@, y) lies on the circle. We easily see ioe the radius of 
the cylinder is 


Fie. 93 


COP r 
and that the altitude is Be 
MP = oe 2. 


Hence the volume which is to be a maximum is given Pi the 


formula 
V =x" (y — 2). . 


Since P lies, ¢ on the suits its coérdinates must satisfy the 
equation of the circle, which is 


ap yt 25. 
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Using this relation, we find that 
V= 1 (25 — y’)(y — 2) 
= 7 (25 y — 50 — 7° + 27), 
which satisfies the requirement of expressing V in terms of one 


variable. 
Differentiating, we have 


dV 
am tt ee 
Setting this equal to zero and solving the resulting equation, 
we get yatt 36 


6 


The negative result obviously has no meaning; the positive 
sign gives y = 3.63, approximately. Hence the altitude of the 
cylinder is y — 2 = 1.63, and the radius is « = -V25 — 7? = 3.44. 


Examp.e 2. Find the equation of the tangent to the circle 
ve+y—4aea—2y=20 
which is parallel to the 
line 42+3y= 18, 


- Solution. Differentiat- 
ing the equation, we find, 
for the slope of the tan- 
gent at any point (a, y) 
on the circle, 


agit 
de y—1 
But the slope of the par- Fig. 94 


allel line, and therefore 
that of the required tangent, is — 4. Hence the codrdinates 
- of the point of tangency satisfy the equation 
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But they must also satisfy the equation of the circle. They 
may therefore be obtained by solving the two equations simul- 
taneously. The algebraic work follows: 


6—82=—4y+4, 
ind wie 2, 
etme 
Substituting this in the given equation, we obtain 


GS )+ yp 4(=¥e*)— 24 = 20, 


3 3 
which reduces to y—2y—8=0. 
Thus y=4 or —2, 
and x=6 or —2, 


Thus there are two tangents, with points of contact (6, 4) and 
(— 2, — 2), and their equations are 


y—4=-$@~6) and y+2=—4@+2), 
or 4e+3y=36 and 4a+3y=—14 


96. The Circle Determined by Any Three Conditions. In 
Chapter I we noticed that a straight. line is determined by 
two points upon it and that its standard equations each 
involve two independent arbitrary constants. Since the 
equation of the circle contains three arbitrary constants, 
we should be able to find its equation if we are given 
three points upon it or any other three geometrical condi- 
tions determining it. = 

The simplest case is where three points are given; but 
the method of procedure is the same in all cases. Express 
the geometrical conditions in the form of three equations 
having as unknowns h, k, and r (or D, H, and F), and 
solve these equations simultaneously for the unknowns. 
Then write down the equation-of the circle. 
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ExampteE 1. Find the equation of the circle passing through 
(7,1), (6, 8); and (— 1, 7). 
Solution. Each of these pairs of codrdinates must satisfy 


the equation of the circle. Therefore, using the standard form 
of the equation, 


(7 hy +(1—kyP= 27, 

(6F AP +(8—kP= 17, 

(= Tesh yo Fak = 2. 
These equations are easy to 
solve simultaneously; for if we 
expand them and subtract the first 


successively from the second and 
third, we eliminate all terms of 


the second degree, having left Fie. 95 
2h—14k=— 50, 
16h —12k=0. 


These give k= 4, =3, and r= 5. Therefore the desired 
equation 1s @- 3° +y—H'= 5% 
which may be reduced to 
e+y—b«e—8y=90. 
If we use the general form of the circle equation, we obtain 
494+147D+E+4+F=0, 
36+ 644+6D+4+ 8E+4F=0, 
14+49-—D+T7E+F=0. 
Solving, D=—6, E=—8, and F=0. 
In problems of this kind the circle should be drawn with 
the correct radius and center. As a check upon the work the 
coérdinates of the given points should be substituted in the 


final equation. When three points are given, this check is 
absolute. 
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Exampte 2. Find the equation of the circle which is 
tangent to the line 3a—4y=2 at the point (2, 1) and 
which passes through the Yy 
origin, 

Solution, There are given 
two points on the circle, 
(2, 1) and (0, 0). Substi- 
tuting these codrdinates in 
the general form of the 
equation of a circle, we 
have 


54+2D+E+4+F=0, (1) 
F=0. (2) 
We need a third equa- 
tion. This is provided by 
the fact that the given line 
is tangent to the circle at 
(2, 1), which makes the slope of the tangent at this point 
equal to 3. 
Differentiating the equation 


ee ee 
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: dy 
we obtain Qe + 2y% +p+Eha 0, 
dy 2x2+D 
or 
dx 2y+E 
: open 44D D. 
At the point (2, 1) this is equal to — oe 
Hence the third equation is % 
PI Se 
iG hia 
or 4D+3E =— 22. ; (8) 


Solving equations (1), (2), and (3) simultaneously, we obtain 
D=4, E=—12, F=0. 
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Hence the equation of the circle is 
e+y+tx—12y=0. 
When reduced to the standard form, this equation becomes 
@ +4 +y — 6) = 978, 
which shows that the center is (— 3, 6) and the radius is 25. 


PROBLEMS 


1. Find the equation of the circle determined by the fol- 
lowing points : 
. (4, 2), (2, 4), (— 4, 2). d. (1, — 8), (9, — 4), (10, — 5). 
(1, 3), (5, 1), (8, — 3). e. (2, 1), (2, 9), (10, 5). 
» (8, 0), (0, 12), (7, 5). Ff. (6, 3), (0, 6), (— 6, — 6). 


os 8 


c. 

2. Find the equation of the circle which 

a. Has the center (4, 1) and passes through (— 2, 5). 

b. Has the line joining (— 2, 5) and (7, 4) as a diameter. 

c. Passes through (0, 4) and (6, 8) and has its center on 
the x-axis. 

d. Passes through (2, 5) and (10, 1) and has its center on 
the linex —y—4=0. 

e. Passes through (16, 12) and (2, — 2) and is tangent to 
the y-axis. 

f. Passes through the point (4, 4) and is tangent to the line 
x—y—4=D0at (4, 0). 

g. Passes through (18, — 25) and is tangent to both axes. 

h. Has its center at (— 2, 4) and is tangent to the line 
x—y—6=0. 

3. Find the coérdinates of the points of contact of the tan- 
gents drawn from the given point to the given circle: 


a. av? + y? = 13, (5, — 1). b. a? + y?—10 x= 0, (0, 10). 
4. Tangents are drawn from (10, —10)to the circle 2?+-¥?= 20. 


Find the perimeter of the area bounded a the tangent lines 
and the circumference, 
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5. Find the dimensions of the largest rectangle that can be 
cut from a semicircle whose radius is a. 

6. Find the length of the upper base of the largest trape- 
zoid that can be cut from a semicircle whose radius is a. 

7. Show that the largest isosceles triangle that can be in- 
scribed in a circle is equilateral. 

8. Find the dimensions of the largest rectangle that can be 
cut from the segment bounded by the circle whose equation is 
x? + ¥° = 25 and the line whose equation is 2 = 2. 

9. Show that the equation of the tangent to the circle 
x+y? =r at any point (x, y,) is aet+yy =r. 

10. In Problem 9 show that the equation of the normal is 
vy— yx = 9. 

11. A square is inscribed in a circle, and another circle is drawn 
with a vertex of the square as a center and a side of the square 
as a radius. Find the angle at which it meets the first circle. 

12. The equation ofa certain circle is a+ 7°7+62 + 4y=87. 
Find the equations of circles tangent to this circle and satisfy- 
ing the following conditions : 

a. Center at (2, — 2). 
b. Point of tangency (— 13, — 2), radius 6. 
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97. Definition. The locus of a point equidistant from a 
given fixed point and a given fixed line is called a parabola. 

The fixed point is called the focus; and the given fixed 
line is called the directrix. The distance between the di- 
rectrix and the focus is denoted by p. The line perpen- 
dicular to the directrix and passing through the focus is 
ealled the axis of the parabola. 

By definition of the parabola, the point on the axis half- 
way between the focus and the directrix lies upon the 
locus; it is called the vertex. 
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98. Construction of the Parabola. When the focus and 
directrix are given, the parabola may be constructed with 
ruler and compasses. Let DD! be the directrix and F 
the focus. The line AFB, perpendicular to DD’, is the 
axis, and V, midway between A and F, ‘is the vertex. 


Through any point C on the 
axis draw a line CC’ parallel 
to the directrix. With AC as 
radius and F as center describe 
a circular are cutting CC’ in 
P and P’. The points P and 


U 


P' are equidistant from F and A 


from DD’ and hence lie on the 
parabola. By choosing differ- 
ent positions of C on the axis 
it is a simple matter to get as 
many points as desired on the 
eurve., Naturally the point C 
must be taken on the same side 


D 


of the vertex as the focus, for it is obvious that no point on 

the parabola can be nearer the directrix than the vertex. 
The preceding construction is facilitated by the use of 

squared paper on which the lines CC’ are drawn at regular 


intervals. 


99. Equations of the Parabola. Any line may be taken 
as the directrix, and any point not upon the directrix may 
be taken as the focus. In general, however, the equations 
thus obtained are very complicated. We shall therefore 
direct our attention for the present to the equations ob- 
tained by taking the vertex at the origin and the axis of 


the parabola as the z-axis or y-axis. 


Let us first take the axis of the parabola as the z-axis. 
The focus F will then lie upon the 2-axis, and the directrix 
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AB will be parallel to the y-axis. Since the vertex bisects 
the segment of the axis between the focus and the direc- 


trix, the codrdinates of F are fe 0), and the equation of 


. P 2 
Bisx=—. 
AB is & 5 
Now let P(z, y) be any point on the locus. Join F and 
Pand draw PM perpendicular to AB. By definition of the 
parabola, 
Bie MP. 
By inspection and by use of the 
distance formula this becomes at 


once 5 
P a a Bl tudes 
N\(2-§) t2°=2 +8 


Squaring and simplifying, we 
have the standard equation 

(IIT) y? = 2 px. Fig. 98 | 

If the focus is taken at the point (0, ~ and the direc- 
trix as the line y =— 2 , we obtain in the same way the form 


(IIIa) x? = 2 py. 


Taking the focus at the left or below the directrix yields 
two other standard forms, as follows: 


r Pp $ ar Dig 
ocus ( 9? 0), directrix a 9: 
(III 6) y? = — 2 px. 
Focus (0, - ’), directrix y =t: 
(III c) x= —2py. 


Exerciss, Derive equations III a, II1d, and IIl¢, 
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100. Discussion of the Equations. We shall discuss only 
one of the standard equations; the others are treated in a 
similar manner. Let us take 

y= 2 px 

The form of the equation shows that the intercepts are 
both 0. From this we deduce that the parabola crosses 
its axis at the vertex alone. 

Since the only term involving y is y’, there is symmetry 
with respect to the z-axis. 

Solving the equation for y in terms of 2, y=+V2pz. 
Hence 2 can never be negative; that is, the nearest point 
of the parabola to its directrix is the vertex. As z in- 
creases, y also increases. Hence the parabola recedes in- 
definitely from both the axis and the directrix. 

The discussion makes it easy to distinguish between 
the various standard forms. For a form involving y? the 
axis of symmetry is the w-axis, and the focus is to the 
left or right of the vertex accord- 
ing to the sign before 2 pz. Similar 
remarks apply to the forms con- 
taining 2”. | 

101. The Latus Rectum. The chord 
through the focus of a parabola per- 
pendicular to its axis is called the 
latus rectum. In the figure, F is 
the focus, ACB the directrix, and 
P'P the latus rectum. Draw PG 
perpendicular to AB. 

By definition of the parabola, the distance of P from 
the focus is the same as that from the directrix. Hence 


FP=PG=FC=p, 
and the length of the whole latus rectum is 2 p. 
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102. Drawing the Parabola. When the equation of a 
parabola is given, the curve may be plotted by using as 
many points as necessary for the degree of accuracy re- 
quired. If it is desired merely to sketch the curve to 
show its position, size, and general shape, the method of 
the following example is usually sufficient: 


Exampie. Sketch the parabola 2 =—12y. 


Solution. This is of the form a? =— 2 py; hence 2» =12, or 
p=6. Since the term in @ is of the second degree and the sign 
before 2p is minus, the axis 
of the parabola is the y-axis 
and the curve lies wholly below 
the z-axis. Therefore the focus 


s (0, —), or (0, — 3); and 
the equation of the directrix is 
y = 3. Measuring off p = 6 to 
the right and the left of the 
focus gives the ends of the 
latus rectum. These, together with the vertex O, make three 
points on the curve, which suffice for a sketch. 

The sketch may be improved with little trouble by also find- 
ing the ends of the chord y =— 2p. These are (+ 2p, — 2p). 


Fie. 100 


PROBLEMS 


1. With codrdinate paper and compasses construct a parab- 
ola having (a) its focus 10 units from its directrix, (0) its latus 
rectum 40 units long. 


2. Find the codrdinates of the focus, the equation of the 
directrix, and the length of the latus rectum of each of the 
following parabolas. Sketch the curve. 

a7 = 168. C 2H = 9 y= V0, ef = 6 ae. 

b.2°+ 8y=0. d. 3y = 42%, f. 1562+ 2y'=0., 
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3. Write the equations of the parabolas satisfying the given 
conditions and draw the figure in each case: 

a. Directrix y = 4, focus (0, — 4), 

b. Directrix « = — 8, focus (8, 0). 

ec. Directrix y = — 2, vertex (0, 0). 

d. Latus rectum = 8, vertex (0, 0). 

e. Vertex (0, 0), focus on z-axis, and passing through (— 2, 6). 

Ff. Vertex (0, 0), and passing through (4, 6). 

4. One end of a chord through the focus of a parabola which 
has the a-axis as the principal axis and the origin as the vertex 
is the point (4, — 4). Find the coérdinates of the other end. 

5. Find the equation of the circle passing through the ver- 
tex and the ends of the latus rectum of the parabola y? = 8. 

6. In Problem 5 find the angle between the circle and the 
parabola at each point of intersection. 

7. Find the slope of the parabola 7? = 2 px in terms of « 
and show that as x approaches infinity the slope approaches 0. 

8. Show that the parabola y*= 2px has no maximum or 
minimum point. 

9. Find the equations of the tangent and the normal to 
each of the following parabolas at the point indicated: 

a. 2y°= 32, (6, 3). cy + 5a = 0, (— 5, 5). 

b. a? = 16 y, (8, 4). dg = 627.1, 6), 

10. Find the points at which the tangent to the correspond- 
ing curve in Problem 9 has the indicated slope: 

a. 3. b. }. c.g. d. 6. 

11. Show that the line from the focus of the parabola 
y' = 24a to the point where the tangent to the parabola at 
the point (24, 24) cuts the y-axis is perpendicular to the tangent. 
» 12. Find the angles of intersection of the graphs of the fol- 
lowing pairs of equations: 

ahy=vt2ae= y. git rie: 
sb mbugeatt atetaytnd 220 cuord, fiyt Revel vate L 
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13. Find the tangent of the angle of intersection of the 
parabolas y? = 2 pa and a? = 2 py at their point of intersection 
in the first quadrant. 


14. What are the dimensions of the largest rectangle which 

can be inscribed in the segment of the parabola x? = 24 y cut 
‘off by the line y = 6? 

15. Show that for any point on the parabola y° = 2px the 
segment of the tangent between the point of tangency and 
the x-axis has a projection upon the z-axis of 2a. From this 
deduce a geometric method of drawing a tangent to a parabola 
at any point. 


16. Show that for any point on the parabola 7* = 2 px the 
segment of the normal between the point of tangency and the 
v-axis has a projection upon the z-axis of length p. 


17. Prove that the tangents to a parabola at the ends of 
the latus rectum 


a. Are perpendicular. b. Intersect on the directrix. 


18. Show that the equation of the tangent to the parabola 
y = 2 px at the point (x, y,) is ¥,y = p(x + 2,). 


103. Applications of the Parabola: the Parabolic Reflector. 
The parabola is frequently met with in the applications of 
mathematics to the sciences. The following are examples: 
the paths of some comets seem to be parabolic; arches are 
sometimes made in this shape; the first approximation to 
the path of a projectile is the parabola; the cable of a 
suspension bridge has the form of a parabola. 

Among the most interesting of the applications is the - 
parabolic reflector. The inner surface of such a reflector 
is that generated by rotating a parabola about its axis; 
the lamp is placed at the focus. The reason for its use 
is that every ray of light from the lamp at the focus is 
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reflected along a line parallel to the axis of the parabola. 
We will now prove this fact. 

The figure represents a sectional view of the reflector. 
Let FP be any ray of light from the focus, which is 
reflected at P along the 
line PQ. Let CPT be 
tangent to the parabola 
at P. We have to prove 
that PQ is parallel to the 
axis CX for any position 
of P. 

By differentiating the 
equation of the parabola 
we find that its slope at 


Pis’ = tan PCX. On the Fic. 101 
aber, hand, the figure shows that tan PCY = aa Hence 
aga or om" == 
But OM = 2, 
and. therefore CO=2; 
whence | CF=2+%. z 


By the distance formula, | 
2 
Fe=N(2—-$)+¥ 


ar er eee Po 
aye po 2+ Ope 


= +f 


We have thus shown that #P = CF, or that the triangle 
CFP is isosceles. ; 
. Therefore angle PCX=angle CPF. - 
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But it is known from physics that if a ray of light meets 
a surface it is reflected in a line making equal angles with 
the tangent; that is, 


angle CPF = angle TPQ. 
Hence angle PCX = angle TPQ, 


and the line PQ is parallei to CX by a well-known theo- 
rem of plane geometry. Thus all reflected rays have the 
direction of the axis of the parabola. 

104, The Parabolic Arch. In practical problems involvy- 
ing the construction of a parabolic arch the dimensions 
given are the span (AB = 2a, in the figure) and the height 
(CO=A, in the figure). 

The curve is then constructed in the following way: 
The rectangle OCBD is drawn and OD is divided into 
a certain number 
(four in the figure) 
of equal parts by 
the points of divi- 
sion K,, K,, K, 
The side DB is 
divided into the 
same number of 
equal parts by the 
points Z,, L,, L,. 
Lines Z,Ki, K,Ki, 
K,K; are drawn parallel to OC, and OL, OL,, OL, are drawn. 
The intersections of OL, and K,Ki, OL, and K, Ei, etc. are 
points on the curve. 

The proof of the validity of this process consists in show- 
ing that the codrdinates of the points so constructed will 
satisfy the equation of the curve. To find this equation it 
is customary to take the positive direction of the Y-axis 


ee ee 


Fig. 102 
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as downward. Then the codrdinates of the point B are (a, h). 
Since the parabola is symmetrical with respect to the 
y-axis, its equation will have the form 27=2 py. Since B 


2 
lies on the curve, a* = 2 ph; whence 2 p =5 and the equa- 
tion of the curve is 
ha? = ay. (1) 
To show that the points obtained in the figure satisfy 
equation (1), let us fix our attention on the point R(z, y) 
of the figure. From similar triangles, 


OK, OD i x a 
> thatis,) —= i 
KP DL -y DL, 
or «(DL,) = ay. . (2) 


Since OD and DB were divided into the same number 
of equal parts, 


OK, OD ema: bg 
=~; that as 
Dieppe. Td 
or th = a(DL,). (3) 


Eliminating (DL,) from equations (2) and (8) gives 
ha? = a’y. 


105. Other Equations of the Parabola. The equations of 
the parabola so far given are valid for a very restricted 
case; namely, that in which the vertex is at the origin and 
the directrix is parallel to one of the coérdinate axes. If 
these conditions are not fulfilled, the equation is more com- 
plicated. In books on analytic geometry it is shown that 
this equation is always of the second degree, and trans- 
formations are given which enable us to find the vertex, 


the focus, etc. 
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These we shall not consider; for in problems where 
the focus and directrix of the parabola are known, it 
is usually possible to choose the origin and the axes in 
such a manner that we can use the simpler forms already 
derived. 

On the other hand, it is frequently convenient to recog- 
nize the locus of the equation y=a+br+ecz’ as a pa- 
rabola with its axis perpendicular to the z-axis. Similarly, 
z=a+by+cy’ is the equation of a parabola with its axis 
parallel to the z-axis. For a proof of these statements the 
student is referred to books on analytic geometry. He 
should, however, note that if a=b=0 these forms are 
equivalent to those already discussed. 

106. Discussion of the Equation y=a+bx+cx?. For 
very large values of 2 the value of y will depend chiefly on 
the term cz*. Hence if ¢ is positive, y will be positive for 
large values of 2, which means that the branches of the pa- 
rabola extend upward. If ¢ is negative, y will be negative 
for very large values of z, which means that the branches 
extend downward. 

Differentiating, we find 


y' =b+2ce2. 


Setting y’ = 0, we find z=— = - Hence the point where 
Rr rigy, is @ maximum or minimum point and must there- 
fore be the vertex. The axis is then x=— xy 

No attempt should be made to memorize these results, 


but each equation of the type given should be treated in 
the above manner. 


Exampte 1. Find the vertex and sketch the parabola whose 
equation is 4y=4+4 8% — 2% 
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Solution. Since the coefficient of x? is negative, the branches 
of the parabola extend downward. 
8—2z 

Le 
Setting y’= 0, x=4. The sub- 
stitution of this value in the 
original equation gives y= 65. 
Hence the vertex is (4, 5) and 
the axis is = 4. 

A few more points are easily 
computed from the given equation. For example, « = 0 and 
x = 8 give the symmetrical points (0, 1) and (8, 1). 


Differentiating, y' = 


Fig. 103 


Examp.e 2, Find the equation of a parabola with a vertical 
axis and passing through the points (8, 1), (4, — 8), and (2, — 2). 
Solution. Substituting these 
coérdinates in the equation 
y=at be + cx’, 
we obtain 
1l=a+8b+ 64¢, 
—3=a+46b+16¢, 
—2=a+2b+4e. Fia. 104 
Solving these equations simultaneously, we have a =1, 6 =— 2, 
and c=}. The desired equation is then 
y=1—22+)42"%, 
which reduces to 4y=4— 82+ 27 


PROBLEMS 


1. Find the vertex of each of the following parabolas and 
_ draw the graph in each case: 

a. y=4a— 2’. d. 3y=427— 3. 

b. 2y = 8a — a’. e Sy=2+4a—6. 

ec 4y=8+16e—2’. f.4xe=9y —18y —2. 
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2. Find the equation of a parabola with a vertical axis 
through each of the following sets of points: 


g. (2, BY, (a, On(—a7, 0). 9,5) es Big ASAE) 
b. (5, —8), (2, —6),(—5, —3). _e. (—1,2),(—2, —3), (3,1). 
c. (3, 11), (5, 3), (4, 3). £ A, 6), @ 4,452) 


3. Find the equation of a parabola with its axis parallel to 
the «axis and passing through each of the sets of points in 
Problem 2. 

4. Using the definition of a parabola, find the equations of the 
parabolas satisfying the following data and draw their graphs: 
a. Directrix y = 7, focus (2, — 1). 

b. Directrix y = — 2, focus (4, 4). 
c. Directrix x = 6, focus (— 2, 3). 
d. Directrix x =— 4, focus (6, 2). 


5. Plot carefully the graph of the parabola Va+ Vy = Va. 
What is its axis of symmetry ? Where is its vertex ? 


6. At what point on the curve will the tangent to the parab- 
ola y= 4-+ 2a — x’ be parallel to the line 2a +y —-6=07 

7. At what point on the curve will the tangent to the parab- 
ola y= x? —Tx +3 be perpendicular to the line x + 38y=3? 

8. The path of a projectile from a mortar cannon lies on 


the parabola y = 2” — a; the unit is 1 mi., OX being horizon- 
tal and OY vertical, and the origin is the point of projection. 


a. Find the direction of motion of the projectile at the 
instant of projection. 

b. Find the direction of motion of the projectile when it 
strikes a vertical cliff 1} mi. distant. 

c. Where will the path have an inclination of 45° to the 
horizontal ? 


d. What will be the highest point reached by the projectile ? 


9. Find the angle at which the parabolas y=4—2* and 
y = x? — 14 intersect. 


~ 
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10. Find. the bqtalaie of the tangent to the parabola whose 
equation is y = 4a — x? which is parallel to the line joining 
the points (1, 3) and (4, 0). 

11. In Problem 10 find the angles of intersection of the line 
and the parabola. 

12. Find the points on the parabola whose equation is 
y = 8x— <2" which are nearest to the point (4, 0). 

13. The area of a cross section of a sphere of radius +, 
at a distance A from the surface, is given by the formula 
A =2arh — wh’. Draw the graph of this function. Find the 
value of h, making A a maximum. 

14. The melting-point ¢ (degrees centigrade) of an alloy of 
lead and zine is found to be 

t = 133 + 0.875 « + 0.01125 2, 
where « is the percentage of lead in the alloy. Draw the graph 
of this function. Is there a minimum value of ¢? How can it 
be found ? 

15. The cable of a suspension bridge assumes the shape of 
a parabola if the weight of the suspended roadbed (together ~ 
with that of the cable) is uniformly distributed horizontally. 
Suppose that the towers of a bridge are 240 ft. apart and 60 ft. 
high and that the lowest point of the cable is 20 ft. above the 
roadway; find the vertical distance from the roadway to the 
cables at intervals of 20 ft. 
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107. Definitions. The locus of a point the sum of whose 
distances from two fixed points is constant ts an ellipse. 

The fixed points are called the foci, and the distance 
between the foci is denoted by 2c. 

The sum of the distances of any point of the ellipse 
from the foci is denoted by 2a. Obviously 2a> 2¢, 


or a> 6c. 
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108. Construction of an Ellipse. The definition suggests 
at. once a simple mechanical construction of an ellipse. 
Let pins be placed at the foci F and #”, and a loop of string 
F'PFF' of length 
F'F+2 abe placed 
over the pins. If a 
pencil is placed ‘at 
P and moved so as 
to keep the string 
taut, it will describe 
an ellipse. For then 
F'P + FP will con- 
stantly equal 2a. ; 

109. Some Properties of the Ellipse. The preceding con- 
struction shows intuitively (as will be proved later ana- 
lytically) that the curve is symmetrical with respect to 
the indefinite line through F and F’, and also that it is 
symmetrical with respect to the line BB’, which is the 
perpendicular bisector of FF’. The indefinite line through 
the foci is called the principal avis of the ellipse. The 
points V and V’, where the principal axis cuts the curve, 
are the vertices of the ellipse. 

Since the curve is symmetrical with respect to each of 
two perpendicular axes, it is symmetrical with respect to 
their point of intersection. Consequently the point O mid- 
way between the foci is called the center of the ellipse. 

The distance 0 V from the center to one of the vertices is a. 


Fie. 105 


Proof. F'V+ FV =2a. 
But F'V=c+0OV and FV=O0OV—ce. 
Substituting, c+ OV + 0V —c= 2a, 

or 20V=2a; 


whence OV =a. 
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The point B is equidistant from F and F’. Hence FB =a. 
Let OB = 6. Then, from the right triangle OBF, 0? = a? — ¢. 
Hence 6 < a; that is, OB < OV and B'B < V'V. For this reason 
the axis V'V(= 2a) is called the major azis of the ellipse, and 
the axis B'B(= 26) is called the minor axis. 


110. Equation of the Ellipse. Let the foci be on the 
z-axis, with the origin midway between them. Then 
their codrdinates are (¢, 0) and Y. 


(— ¢, 0). 

If P(@, y) is any point of the 
ellipse, the definition requires 
that //P+FP=2a. Hence, by 
the distance formula, 
Viatey+y?+V (2—0'+y%=2a. Fie. 106 

Transposing the second of these radicals, squaring, and 
collecting terms, we have 

4er—4a°=—4aV(a—c)*+ y*. 
Dividing by 4 and squaring again, we get 
Cx — 2acr+at=a’x?— 2arex + arc? + a’y’, 

or (a — ¢*)2°+ a’y’= at— a’? = a? (a*— &*). 

But a—P=b. 

This gives 6°2*+ a’y’= a’b’. 

Dividing both sides by a’, we obtain the standard 
equation : 

x 
(iV) a +¥=1. 


111. Discussion of the Ellipse. The discussion of equa- 
- tion IV verifies the properties of the ellipse stated in § 109. 

Intercepts. Setting y= 0 and «= 0 successively, we find 
that the z-intercepts are + a and that the y-intercepts are + BS i 
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Symmetry. Obviously there is symmetry with respect 
to both axes; hence the origin is a center of symmetry. 
Extent. 'The terms 


2 
” and y are both 


a b? 

squares and hence 
nevernegative. Since 
their sum is con- 
stantly equal to 1, 
two facts are at once 
apparent: (1) As 
2 increases numeri- Fig. 107 

cally y decreases nu 

merically, and vice versa. (2) Neither term can be greater 
than 1; hence z is never greater numerically than a, and 
y is never greater numerically 
than 6. 

Thus the ellipse les wholly 
within the rectangle bounded by 
the lines s=+a and y=+0. 

112. Equation of Ellipse with 
Foci on the Y-axis. If the foci 
are on the y-axis and the center 
is at the origin, the codrdinates 
of the foci are (0, ¢) and (0, —e). 
Taking F’P + FP = 2a, and pro- 
ceeding as in § 110, we obtain 
the equation 


Ive) “4% 21. 1 
tv) at” | Fig. 108 


In this case the codrdinates of the vertices are (0, + a), and 
those of the ends of the minor axis are (+ 6, 0). 
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113. Sketching the Ellipse. Inspection of the standard 
equations IV and IV a shows that the locus of any equa- 
tion of the form Az*+ Cy?= F, where A, C, and F are 
positive, is an ellipse with its center at the origin and with 
its foci on one of the coérdinate axes. For such an equa- 
tion can be reduced to one of the two standard forms by 
dividing through by F and writing the equation in the form 


zk wg? 
he 
Anas O 


To sketch the locus of such an equation we first find the 
intercepts. The larger intercept is half the major axis (semi- 
major axis), and the smaller intercept is half the minor 
axis (Semi-minor axis). To avoid 
the tendency to make the ellipse too 
pointed, compute the codrdinates of 
an additional pair of points near 
each vertex. 


Exampte. Sketch the ellipse whose 
equation is 5a7+y¥?=16. Also find 
its foci. 

Solution. The intercepts on the 
x-axis are + V1 =+41.79. The inter- 
cepts on the y-axis are + 4. The major 
axis lies along the y-axis. Hencea = 4 
and 6= V1,8=1.79, From the relation Fie. 109 
= a?—0* we find that c= V&4=3.58.. 

The foci are then (0, +3.58), Four additional points are 
obtained by taking y=+ 3, giving «=+ VE = + 1.18. 


114. The Circle as a Limiting Form of the Ellipse. If we 
take 6=a, the standard equation of the ellipse reduces 
to z?+ 4? =a", which is the equation of a circle of radius a. 
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Thus the circle is a special form of the ellipse. It is in- 
structive to see just how this happens. 

If in the equation 4? = a? — ¢ we take b =a, e becomes 0. 
Hence a circle is an ellipse whose foci coincide. This is also 
obvious from a consideration of the construction explained 
in § 108. i 

PROBLEMS 


1. Find the major and minor axes and the codrdinates of 
the foci of the following ellipses, and sketch the curves: 


az’? +47= 16. h. 227+ 3y = 36. 
b. 2? +97? = 45. i 527+ y7=10. 

c. 1627 + 7° = 64, j. 90° +47? = 16. 
d. 1627+ 97 = 144. k. 4a? + 25 y? = 100. 
ea? +5y=10. 140° 4+ 25 y=1. 
f. 32° +7 = 9. m. 102? + 2077 = 49. 
g. 2527 +477 = 25. n. 92?+4y* = 50. 


2. Find the equation of the ellipse whose center is at the 
origin and which satisfies the following conditions : 
a. x-intercepts + 14, y-intercepts + 7. 
b. Major axis 20, minor axis 12, vertices on the z-axis. 
c. Major axis 20, minor axis 12, vertices on the y-axis. 
d. Major axis 16, minor axis 8, vertices on the z-axis. 
e. Major axis 16, minor axis 8, vertices on the y-axis. 


3. Find the equation of the ellipse with center at the origin 
and draw the curve, given 
a. One vertex (5, 0), one focus (3, 0). 
b. One focus (4, 0), minor axis 8. 
c. One vertex (0, 5), minor axis 6. 
d. One vertex (0, 6), one focus (0, 4). 


4. Find the equation of the ellipse with center at the origin 
and with principal axis along one of the coérdinate axes, and 
passing through 

a. (4, 3) and (6,2). . b. (— 1, 6) and (2, 3). 


™~ 
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5. Are the following points on, inside, or outside the 
ellipse a? + 477 = 16? 


a. (2, 2). b. (AZ, — 1). c. (3, 5). 


6. The chord of an ellipse through the focus perpendicular 


to the principal axis is called the latus rectum. Prove that its 

2 
length is ass 
a 


7. From points on the circumference of the circle whose 
equation is x” + y* = 64, perpendiculars are drawn to the a-axis. 
Find the equation of the locus of a point which moves so as to 
bisect each perpendicular. 


8. Find the equation of the locus of the vertex of a triangle 
whose base is the line joining (a, 0) and (— a, 0) and in which 
- 2 


the product of the tangents of the base angles is =. 


9. Show that the slope of the line which is tangent to the 


ha 8 6B 
ellipse ba oe ary? = ab? at any point 1a ee 


10. Find the equations of the tangent and normal to the 
ellipse 27+ 37*?= 21 at the point in the fourth quadrant 
where x = 3. 

11. Find the equations of the two tangents to the ellipse 
a? + 47*=18 which pass through the point (2, 2). 

12. A circle is circumscribed about the ellipse whose equation 
is 47+ ¥? = 16, and a tangent is drawn to each curve in the 
first quadrant at the point whose ordinate is 2. Find the point 
of intersection of these tangents. 

13. Find the angles of intersection of the following cnrves: 

a. +47 = 8, 2? = 2y42. 

b. 9a? + 47? = 36, 40° + 97? = 36. 
6 22+ y= 24,4+ 2y=10. - 
a427°4+7=8, Y=4e. 
ea2+4y7= 65,y=4m. 
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14. At what-point on the ellipse 1627+ 9y?= 400 does y 
decrease at the same rate that # increases ? 

15. A point generates the curve «+ 4y?= 20 and moves 
with the #-component of its velocity constantly equal to — 2 
units/sec. Find its speed along the curve and its direction of 
motion when y = 2. 

16. The lower base of an isosceles trapezoid is the major 
axis of an ellipse; the ends of the upper base are points on 
the ellipse. Show that the maximum trapezoid of this type 
has the length of its upper base half that of the lower. 

17. Find the area of the largest rectangle that can be in- 
scribed in an ellipse. 

18. An isosceles triangle is to be inscribed in the ellipse 
bx? + a7y? = a*b’, the vertex being taken at (0, 0). Find the 
equation of the base if the triangle is a maximum. 

19. Using the result of Problem 9 and the formula for the 
angle between two lines, show that the acute angle between a 
tangent at any point and the line joining this point to either 
focus is given by the formula 


tan 6 = —- 
Cc 


20. Prove that the equation of the tangent to the ellipse 
bx? + a*y? = a%b* at the point («,, y,), which lies on the ellipse, 
is Dax + ayy = a76?. 


THE HYPERBOLA 


115. Definitions. The locus of a point the difference of 
whose distances from two fixed points is constant is a hyperbola. 

The fixed points are called the foci, and is distance 
between the foci is denoted by 2e. 

The difference of the distances of any point of the 
hyperbola from the foci is denoted by 2a. By a theorem 
in plane geometry, 2a<2¢, or a<e, 


Bo 
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116. Construction of a Hyperbola. Let F and F'’ be the 
toci, and suppose one end of a string, indefinite in length, 
is passed through a hole in the paper at F, while the other 
end is passed through a hole at F’. When the string is 
drawn tight, suppose a pencil 
is knotted in it at V so that 
F'V—FV=2a. Then let the 
string be drawn out through 
each hole at the same rate 
while the pencil is moved so 
as to keep the two parts taut. 
Then, for any position P of 
the pencil, F’/P — FP = 2a, 
and, by definition, the pen- 
cil will describe a hyperbola. 
The definition does not pre- 
scribe the order in which the Fic. 110 
difference of the distances 
shall be taken. If the pencil is knotted at V’ so that 
FV'—F'V'= 2a, the same process will generate another curve, 
QV'Q. These two curves together constitute the hyperbola, 
each curve being called a branch of the hyperbola. 

117. Some Properties of the Hyperbola. The preceding 
construction shows intuitively (as will be proved later 
analytically) that the hyperbola is symmetrical with re- 
spect to the indefinite line through F and #” and also 
that it is symmetrical with respect to the line BB’, which 
is the perpendicular bisector of FF’. The indefinite line 
through the foci is called the principal axis of the hyper- 
bola. The points V and V’, where the principal axis cuts 


the curve, are the vertices of the hyperbola. 


Since the curve is symmetrical with respect to the per- 
pendicular lines FF’ and BB’, it is symmetrical with respect 


230 INTRODUCTION TO THE CALCULUS 


to their point of intersection. The point O midway between 
the foci is called the center of the hyperbola. 

The distance OV from the center to one of the vertices 
is a. The proof is similar to that in § 109. 

The segment of the principal axis VV'(= 2a) is called 
the transverse axis of the hyperbola. 

-The points B and B’ are each at a distance 6 from 0, 
where }=Vc’—a?. The segment BB! (= 26) is called the 
conjugate axis of the hyperbola. Note that since, by defini- 
tion, 6°= ¢?— a’, whence c’?= a?+ 6’, b may be either larger 
or smaller than a. 

118. Equation of the Hyperbola. Let the foci be on the 
x-axis, with the origin midway between them. Then their 
coérdinates are (c, 0) and (—e, 0). Yy. 

If P(a, y) is any point on the 
hyperbola, the definition requires 


that 7p FP=+ 2a. 

Hence, by the distance formula, 

Veteyty—-Va-oO+¥ 
peat Oe 

Transposing the second of 

these radicals, squaring, and collecting terms, we have 
cx — WS av (a —e)+y’. 
If we square this again, it may be reduced to 
(?— a’) a? — a’y?= a? (c’— a’). 
Since 6’= ¢’— a’, this gives 
Ba? — a?y?= ab’. 
Dividing by a’b’, we obtain the standard equation 


(v) Pull 


P(x, 


F(-c,0) O} F(c,0) xX 


Fig. 111 


The student should compare the above carefully with § 110. 
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119. Discussion of the Equation. Intercepts. Setting y=0, 
the z-intercepts are seen to be +a. Setting x= 0, we find 
that the y-intercepts are imaginary. Hence the curve does 
not cross the y-axis, and, since there are points of inter- 
section with the z-axis on both sides of the origin, the 
curve must consist of two branches. 

Symmetry. Obviously there is symmetry with respect 
to both axes and the origin. 

Extent. If we write equation V in the form x! 52148, 

2 a? 
we see at once that — a is never less than 1, and hence that 
x is always numerically greater than or equal to a. Also, 
as y increases, z increases, numerically. On the other hand, 
y may have any value. 

Therefore the two branches of the hyperbola lie outside 
the lines x=+4a and recede to infinity from both axes 
in all four quadrants. 

120. Asymptotes. If the equation is solved for y in terms 


of 2, we obtain y=+ ey 2?— a®, a result which indicates 
that, for values of 2 large in comparison with that of a, 
y is approximated by + “2, This suggests that the hyper 
bola approaches the lines whose equations are y= 27 as 


it recedes to infinity. Lines approached by a curve in this 
manner are called asymptotes. 

To prove the above statements, take a point P(a, y) on 
the hyperbola in the first quadrant and let F(a, y,) be 


the point on the line y = which has the same abscissa. 


We must show that as 2 approaches saat Y,—Y Ap- 
proaches 0. 
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From the equations of the line and of the hyperbola, 


we have 
H obey bNE ne 
L ‘dt @ a 
_ 6(z —Vz?— a’) 
a a 


Multiplying numerator and denominator by t+V23— a’, 
we have 


Ywihs= 


ie longs | 
r+V2— a? 


If z approaches infinity 
the denominator obviously 
approaches infinity, while 
the numerator remains con- 
stant; hence 


Wz y— 9. 


The other quadrants are 
treated in the same way. 

We have thus shown that 
as the hyperbola recedes to 
infinity it approaches asymptotically lines through the or- 
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igin with slopes + >. These are easily seen to be the diag- 


onals of the rectangle whose sides are the lines z = +a and 
y=. 

121. Equation of Hyperbola with Foci on the Y-axis. 
Let us take the foci at (0, c) and (0, —c). Proceeding 
exactly as in § 118, we obtain a second standard form, 

(V a) y — pa =1, 


a Pv 
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For this form the vertices are (0, +a). No value of 
y is numerically less than a, and x may have any value. 
Solving for y, 


y= Ee b. 


From this it may be shown, 
as in § 120, that for this form 
the asymptotes are the lines 

ax 


yt 


These asymptotes are the diag- 
onals of the rectangle whose 
sides are the lines r=+48, 
y= 4. 

122. Sketching the Hyperbola. Inspection of the stand- 
ard equations V and Va shows that the locus of any 
equation of the form Az*— Cy’=+F, where A, C, and F 
are positive, is a hyperbola with its center at the origin 
and with the foci on one of the coérdinate axes. For suchan . 
equation can be reduced to one of the two standard forms by 
dividing through by F and writing the equation in the form 


‘oie ge 


Fie. 118 


as 1. 
i Cepiie 
A of 


To sketch the locus of such an equation we first find 
the intercepts, which will be real on one of the codrdinate 
axes and imaginary on the other. The real intercept is 
_half the transverse axis (semi-transverse axis). The foci 
and vertices lie upon the codrdinate axis on which the 
intercepts are real. A sketch of the curve may be made 
by proceeding as in the example on the following page. 
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Exampie. Find the vertices and foci of the hyperbola 
4a? — 9y?= 36, and draw the curve. 


Solution. The real intercepts are « =+ 3, and the imagi- 
nary intercepts are y=+2V—1. Thus a=3, b= 2, and 
e=V13 = 3.61. Hence the 
vertices are (+ 3, 0) and the 
foci are (+ 3.61, 0). 

Four other points are ob- 
tained by taking «= + 4, 
whence y=+1.76. The 


slopes of the asymptotes are 
b 2 

ne = = 3° and they may 

be drawn as the diagonals 

of the rectangle whose sides are x = + 3 and y=+ 2. Using 

the asymptotes as guiding lines, we draw each branch of the 


curve through the three points plotted. 
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PROBLEMS 


1. Sketch the following hyperbolas with their asymptotes, 
. Find the foci in each case. 


av—y—4=0. g. 227-y—8=0. 
b a?—y+4=0. h. ?— 2y7+1=0. 
ce 2? —4y?—16=0. i. 5a?—Ty?— 35 =0. 
d.4e°?—y?—-16=0. j. 3827-y+9=0. 
e4a7—y?+ 25=0. k. 6079—2y?+ 25=0. 
f. 90? —16y°?+144=0. lL 3a'— 8y'— 36=0. 


2. Find the equations of the hyperbolas Sgt the fol- 
lowing conditions : 


a.a=10, d=5, foci on the x-axis. 
b.a=10, 6 = 5, foci on the y-axis. 
c. a = 4, b = 8, foci on the z-axis. 
d. Vertex (3, 0), focus (4, 0). 

e. Vertex (0, 2), focus (0, 5). 
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f. Vertex (4, 0), focus (6, 0). 
g. Focus (2, 0), conjugate axis 2. 
h. Focus (0, 5), conjugate axis 6. 
i. Vertex (0, 4), conjugate axis 8. 
3. Find the equation of the hyperbola having its center 
at the origin and its foci on the x-axis, and passing through 
a. (6, 2) and (2 V6, 1). b. (2, 2) and (4, 5). 
4. Find the equation of the locus of a point which moves 
so that the difference of its distances from the points (0, + 13) 
is 10. 
5. The latus rectum of a hyperbola is a chord through the 
focus perpendicular to the principal axis. From the equation 
2 
show that the length of the latus rectum is a . 
6. Find the equations of the tangent and the normal to 
each of the following hyperbolas at the point indicated : 
a. x? — y? = 9, (5, 4). ce. 2? —y?+9=0, (—4, 5). 
b. 4a°— y?— 39=0, (4,—5). di a?—4y?=9, (— 5, 2). 
7. Find the equations of the tangents to the hyperbola 
22? — y* = 9 which are parallel to the line 2a -y+7=0. 
8. Find the equations of the tangents to the hyper- 
bola 2? — y?+16=0 which are perpendicular to the line 
5a+3y—15=0. 
9. Find the equations of the tangents to the hyperbola 
x? — 8y?=1 which pass through the point (— 5, — 2). 
10. Find the angles of intersection of the line 2x—3y=0 
and the hyperbola 2? — y? = 5. 
11. Find the slope of the hyperbola 0x? — a?y? = a7? in 
terms of # and y, and in terms of x alone. Show that the limit 


Bes, AE 
of the slope as x approaches infinity is + 7m, 


12. Show that the equation of the tangent to the hyperbola 
bx? — a®y? = al? at the point (x,, y,), which lies on the curve, 
is Bae — ayy = ab”. 
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13. A point moves along the hyperbola 2?— 4’? = 20 in 
such a way that # is increasing at the rate of 3 units/sec. 
Find the rate at which y is changing when the point passes 
through (6, — 2). 

14. A segment is bounded by the line # = 8 and the hyper- 
bola a? — 7? =16. Find the dimensions of the largest rectangle 
which can be inscribed in this segment. 

15. Find the point on the hyperbola 2? — 7? — 16 = 0 which 
is nearest to the point (0, 6). 


123. The Equilateral Hyperbola. If a=4, the standard 
forms of the equation reduce to 


g-P=a@ 
and y—v=a’. 


These are called equilateral 
or rectangular hyperbolas. The 
latter name is due to the 
fact that the asymptotes have 
their slopes + 1 and are there- 
fore at right angles to each 
other Fic. 115 

124. Other Forms of the Equation of the Equilateral 
Hyperbola. It is shown in analytic geometry that the 
locus of the equation zy= C is an equilateral hyperbola. 
The asymptotes are easily seen to be the z-axis and the 
y-axis. If C is negative the two branches are in the 
second and fourth quadrants. The vertices are on the line — 
Y=2 ot y=—-z. 

A slightly more general form is zy+axr+by+e=0. It 
may be shown that the asymptotes are 7 =— } and y=— a. 

The importance of these forms is due chiefly to the fact 
that many functional relations have equations of these types. 
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125. The Conics. The equations of the circle, the pa: 
rabola, the ellipse, and the hyperbola, discussed in this chap- 
ter, are all special forms of the general quadratic equation 


Ax’? + Bry + Cy? + Dx + Hy + F=0. 


It is shown in analytic geometry that the locus of this 
equation is always one of the curves mentioned, exception 
being made of certain degenerate forms. Furthermore, 
all these curves may be obtained as the intersection of a 
plane and a right circular conical surface. For this reason 
they are called conte sections or simply conics. The ellipse 
and hyperbola are called central conics. 


PROBLEMS 
1. Name and sketch each of the following curves: 
a.xy+8=0. g. 42° —y—64=0, 
b.e+y—4=0. h4e+y= 0. 
ca—y+4=0. i. 4a” — 7? = 0. 
d.2+y—4=0. j4e7°+7=0 
e42°+y?— 64=0. | k. cy —62+Ty—42=6. 
fixet4y—64=0. Layt+t4e—2y+8=0. 


2. Two points are 2000 ft. apart. At one of these points the 
report of a cannon is heard one second later than at the other. 
By means of the definition of a hyperbola show that the can- 
non is somewhere on a certain hyperbola, and write its equa- 
tion after making a suitable choice of axes. (The velocity of 
sound is 1090 ft. /sec.) 

3. Find the equation of the hyperbola through the point 
(1, 1), with asymptotes y = + 22. 

4. Find the slope of the hyperbola ay + az + by +c=0 at 
any point. 

5. Show that at any point the slope of the hyperbola 


ny Cie F 
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6. Find the point of the hyperbola ay = 48 where the 
slope is — 3. 
7. Find the equations of the tangent and normal to each 
of the following curves at the point indicated: 
ay? +16a= 0, (—4, 8). 
b. ay + 24 = 0, (4, — 6). 
c. 427+ y? = 100, (— 3, 8). 
d.2?+y*7—127%+6y = 58, (— 2, 3). 
ex2?— 477+ 64 = 0, (6, 5). 
8. At the point (5, 2) of the hyperbola 9 a? — 16 y* = 144 
a tangent and a normal are drawn. Find the area of the triangle 
bounded by the tangent, the normal, and the z-axis. 
9. Show that the hyperbola «?— y*=5 and the ellipse 
4a°+ 97? = 72 intersect at right angles. 

10. Show that the hyperbolas a? — 7? = a? and ay = a? V2 
intersect at right angles. 

11. Find the angles of intersection of the following pairs of 
eo hha de ay=x',a—y'+12=0. 

x? + y? = 104, a? — 9y? = 64, 
c. cy = 16, 2? + 47? = 80. 
d. xy =— 48, 27 + 7 = 100. 

12. Show that the tangent to the hyperbola zy = C at any 
point forms with the coérdinate axes a right triangle whose 
area is 2ay = 2C. 

13. Show that the equation of the tangent to the hyper- 
bola zy=C at the point (@,, y,), which lies on the curve, 
is ay + yc = 2C. 

14. For what value of & will the line y=a+k be tangent 
to the hyperbola a? — 97? = 72 ? 

15. Prove that the triangle formed by a tangent to the eurve 
2ay = a’, the w-axis, and the line joining the point of contact 
to the origin is isosceles. 

Hint. Compare the slopes of the sides. 


CHAPTER VIII 
CURVE-TRACING 


126. In previous chapters the student has learned how 
to plot curves by points and how to find their simpler 
properties — symmetry, slope, and maximum and minimum 
points. He has also studied the conics in some detail. It is 
now in order to consider curves of a more general nature 
and to study the methods applicable to their discussion. 

The graph of any equation in z and y can be constructed 
by assuming values for z and computing the correspond- 
ing values of y, or vice versa. But this method alone is 
often laborious and ineffective. It is laborious because all 
facts about the graph are discovered by trial and because 
there is no advance information concerning the most im- 
portant values of x (or y) to be chosen. It is ineffective 
because the most painstaking and extensive calculations 
may fail to show certain important properties of the curve. 

In Chapter II we utilized the notions of intercepts and 
symmetry, for assistance in making tables of values. It was 
there stated that for a thorough discussion of a curve the 
methods of the calculus are necessary. Some of the methods 
have already been given ; these will be amplified and others 
will be added in this chapter. 

127. Tracing a Curve. To “trace a curve” is to draw 
the graph after having determined its most important prop- 
erties. This always involves the computation of values of 
one variable corresponding to certain values of the other; 

but these values are carefully chosen so as to include those 
239 
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that show the nature of the curve and to avoid the necessity 
of computing many values that have no special significance. 

The ‘discussion of an equation” is the determination 
of the properties of the curve represented by the equation. 
The points to be considered are taken up in the following 
paragraphs. 

128. Intercepts. The method of finding the intercepts of 
a curve was given in §§ 17, 28. The intercepts of a curve © 
may not be of special importance in determining its shape, 
but the points determined by them are often the easiest 
points to find from the equation and frequently serve as a 
check on the work. After the intercepts have been found, 
we know that the curve can cross the coordinate axes at no 
other points. 

129. Symmetry. The principle of symmetry has been 
explained in an earlier paragraph (§ 28). The rules for 
recognizing the symmetry of a curve from its equation are 
repeated for convenience. 

1. A curve is symmetrical with respect to the z-axis if its 
equation contains only even powers of y, and conversely. 

2. A curve is symmetrical with respect to the y-axis if its 
equation contains only even powers of 2, and conversely. 

3. A curve is symmetrical with respect to the origin if 
its equation remains unchanged after substituting — a for 
zx and — y for y, and conversely. 

130. Excluded Values. If when a value is substituted 
for « in the equation of a curve the resulting value of y 
involves a square root (or an even root) of a negative 
number, the value of y is imaginary and there is no corre- 
sponding point on the curve. If when =a all the corre- 
sponding values of y are imaginary, it means geometrically 
that the curve does not cross the line 2=a. Hence, in 
computing values of y, we should exclude from the table 
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all values of x which will make y imaginary. Similarly, 
all values of y should be excluded which will make x 
imaginary. 

To determine in advance what values of x are to be 
excluded, the equation of the curve must be solved for y 
algebraically. An inspection of the result will show what 
values of 2, if any, will make y imaginary. Similarly, to 
determine what values of y should be excluded, the equa- 
tion must be solved for z algebraically. 

The determination of the values to be excluded shows 
the extent of the curve. For example, if it appears that all 
negative values of x must be excluded, there is no part of 
the curve to the left of the y-axis, and the curve extends 
indefinitely to the right. : 

131. Examples. In applying the previous and the follow- 
ing sections to specific problems, it is important to keep in 
mind the two purposes of a discussion: first, it facilitates 
the labor of computing the table of values; second, it 
serves as a check upon the table of values, and vice versa. 
It should be unnecessary to state that the curve as drawn 
must have the properties given in the discussion. If some 
of the points given by the computed table of values do not 
agree with the discussion, there is an error in either the 
computation or the discussion. 


Exampte 1. Given the curve whose equation is y7=a + 4. 


a. Find the intercepts. c. Find the extent. 
b. Discuss the symmetry. d. Draw the curve. 


Solution. a. Setting y = 0, the x-intercept is found to be — 4. 
Setting « = 0, the y-intercepts are found to be + 2 and — 2. 

b. The curve is symmetrical with respect to the x-axis (see 
§ 129). It is not symmetrical with respect to the y-axis or the 
origin. 


~ 2492 INTRODUCTION TO THE CALCULUS 


c. Solving for y, y=tvat+4. 


All values of x such that « + 4 is negative must be excluded. 
Hence « < — 4 must be excluded. 


Solving fora, w=y?—4. 


No values of y need be excluded. 

Hence the curve does not extend to 
the left of the line x =— 4. It extends 
indefinitely to the right and indefinitely 
upward and downward. 

d. The curve is drawn by plotting a few points in addition 
to the intercepts already found. The shaded area indicates the 
region of excluded values. 


Exampte 2. The equation of a curve isa*?+4y*?—16y= 0. 


a. Find the intercepts. c. Find the extent. 
b. Discuss the symmetry. d. Draw the curve. 


Solution. a. When y= 0, x=0; when x=0, y=0 or 4. 
b. The tests for symmetry show symmetry with respect 
to the y-axis, but not with respect to the x-axis or the origin. 


c. Solving the equation for y, Yy 
we obtain 
V16 — 2? Ze 


Ye 


Hence x? cannot be greater than 
16; that is, x cannot be numeri- 
cally greater than 4. This fact 
is expressed by writing || > 4 Fig. 117 
excluded. 

Solving the equation for x, we obtain 


er=4+2vV4y—y¥ 
=+2vVy(4—y). 


Hence we must exclude y > 4 and y < 0. 


Yj YT 
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The excluded values show that the curve does not extend 
outside the rectangle bounded by the lines x = 4, x =—4, 
y= 0, and y= 4. 

d. The curve is shown in the figure, the shaded area indi- 
cating the region of excluded values. 


PROBLEMS 


(2) Find the intercepts, (4) discuss the symmetry, (c) find 
the extent, and (d) draw the graph of the following equations: 


1.2?+4y—6x=91. 4. y=2° (cubical parabola). 


2.07 + y= 2. 5. y= x* (semicubical parabola). 
3. 2° + 7° =1. 6.y=2*— Az. 
7. y? =a —4e. 
S.la*y = 4. 
9. ay? = 4. 


10. 7? = x (semicubical parabola). 
11. c*+7= a. 
12.¢°+7+62+4+ 8y=0. 

13. 927+ 257’ — 544 —144= 0, 
14.2?79—-y+424+3=0. 


8 a* ; 
15. i e+ 4a (witch). 
16. «8 + yt =ai (hypocycloid of four cusps). 


17. y= 2-*. 21. (y — a)? =a". 
18. 7° (2a — x) = 2° (cissoid). 22. y= a*— 427, 
19. Vz + Vy = Va (parabola). 23. y? = 427 — ot. 
ee eat bee 
20. 77 = Cay (strophoid). 24. P41 


132. Asymptotes. An asymptote is a line approached by 
a curve as it recedes to infinity. We shall here consider 
only vertical and horizontal asymptotes. 
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Consider the equation zy — y=1. Solving for y, we have 


ipa | 
earl 


? 


from which it appears that y increases indefinitely as 2 
approaches the value 1. The curve is said to approach 
the line x=1 asymptotically, 
and. the line z=1 is a vertical 
asymptote of the curve. 
Similarly, by solving for 2, 


“= Uhl 
oy) 
from which we see that the 
curve approaches the z-axis 
asymptotically and the z-axis 
is a horizontal asymptote of Fig. 118 
the curve. 

In general the line x=a will be a vertical asymptote 
of a curve if, from the equation of the curve, y becomes 
infinite when x approaches a. Similarly, the line y = 6 will 
be a horizontal asymptote of a curve if 2 becomes infinite 
when y approaches 6. 

Since we are considering only algebraic equations, y can 
become infinite when 2 approaches a only if the expression 
for y is a fraction such that the denominator is zero when 
x=da. Hence, to find the vertical asymptotes of a curve 
whose equation is given we solve the equation for y. If 
the result is a fraction, we set the denominator equal to 
zero and solve for 2 The real roots will give the vertical 
asymptotes. If there are no real roots, the curve has no 
vertical asymptotes. . 

Similarly, to find the horizontal asymptotes of a curve 
whose equation is given we solve the equation for x. It 
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the result is a fraction, we set the denominator equal to 
zero and solve for y. The real roots will give the hori- 
zental asymptotes. 
Exampte. Find theasymptotes of the curve whose equation is 
ay—y—2e7+a=0 
and plot the curve. oa 3 
Solution. Solving the eqnation for y, we obtain 


_ 2a°—a 
eg 
Setting the denominator equal to zero and solving gives a=+1. 
Hence there are two vertical asymptotes: # =—landa=+1. 


To solve the equation for 
x write it in the form 

(y —2)a2@+2—y=0 
and use the quadratic for- 
mula. We obtain 
=1+ vVi=8y 447 

2(y — 2) 
Hence the horizontal asymp- 
tote is y = 2. 

In making the table of 
values for plotting note that nd. 119 
the solution for y involves 
no radicals, and hence no values of x are to be excluded. 
Furthermore, the table should be extensive enough to show 
how the curve approaches its asymptotes. 

To find both the horizontal and the vertical asymptotes it is 
not necessary to solve the equation for both x and y, as the 
horizontal asymptotes can be found from the solution for y by 
inspection. The reasoning is as follows: A horizontal asymp- 
tote occurs if there is a value of y for which x becomes infinite. 
_ Take the above solution for y in terms of # as an example: 

wat 1 tines 
Masia? 28 


y 


' 
! 
I 
| 
! 
| 
| 
I 
| 
| 
I 
| 
| 
! 
| 
| 
I 
| 
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In this equation let « become infinite and see if y approaches 
any fixed value. For very large values of x the most important 
term in the numerator is 2%, and the most important in the 
denominator is x. The value of the fraction, for very large 
values of «, will be approximately 22? divided by 2*, which 
is 2. As « becomes larger and larger the terms of lower de- 
grees in numerator and denominator become relatively more 
and more insignificant, and the value of the fraction comes 
nearer and nearer to 2. Hence y = 2 is a horizontal asymptote. 


PROBLEMS 


In the following problems find the intercepts and the hori- 
zontal and vertical asymptotes and draw the curves: 


l.doy+2y—22741=0. 6. a’—y—4e7+41=0. 


2.cy—274+4=0. 7.ey+a—4y—-1=0. 
3. ay?—4x2+4+4=0. 8. ay(y? — 4)=1. 

4.a°y —2y—2’°=0. 9. ey (a —1)(@ — 2)=1. 

5. cy—2e—y+38=0. 10. +37 + ay —32?= 0. 


133. Direction of Bending. It has been seen (§ 71) that 
any function is increasing when its derivative is positive, 
and decreasing when its derivative is negative, and con- 
versely. Let y=f(@), and consider the derived function 
y'=f' (#). As a consequence of the fact stated above, y’ is 
increasing if its derivative, y’, is positive, and y’ is decreas- 
ing if y’ is negative, and conversely. The geometric sig- 
nificance of this statement is important. m 

Let the figure represent the graph of y=f(v). Then 
y' =f'(#) will give the value of the slope of the graph at 
any point. At A the slope is positive and equal approxi- 
mately to 3 (as estimated from the figure). Proceeding 
to the right along the curve (that is, as 2 increases), the 
graph shows that the slope decreases until the maximum 
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point B is reached, where y’=0. From B to C the slope 
continues to decrease from zero to a value approximately 
— 3. As x increases from a to ¢ the slope y! decreases; 
hence the derivative of y’, which is y", is negative. From 4 
to C the curve is bending downward, or is concave downward. 

Proceeding from C to D along the curve, the slope in- 
creases from — 3 (approximately) to zero, and from D to 
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E the slope continues to increase from zero to a value ap- 
proximately 1. As xz increases from ¢ to e the slope 4’ 
increases; hence y” is positive. From C to Z the curve is 
bending upward, or is concave upward. 

The preceding discussion justifies the following state. 
ment of the geometric significance of the second derivative. 

Tf the graph of the function y=f (x) ts concave upward, 
the second derivative of y with respect to x is positive, and 
eunversely; if the graph is concave downward, the second 
derivative is negative, and conversely. 


134. Third Test for Maxima and Minima. The figure 
of the preceding section shows that the graph of a func- 
tion is concave downward at a maximum point and concave 
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upward at a minimum point. Hence the second deriva- 
tive is negative for a maximum value and positive for a 
minimum value. This furnishes a third test for distin- 
guishing between maxima and minima, which may be used 
instead of the two given in § 74. : 

3a 


3 
Exampier. Given the equation y = és ea +3. Find the 


maximum and minimum points of its graph. Find also the 
values of # for which the graph is concave upward and those 
for which it is concave downward. 


Solution. Finding the first and 
second derivatives, we have 


y' = x — 32a, 
y" = 2a —3. 


Setting y'= 0, we obtain « = 0 or 
3, the critical values. When x = 0, 
y''=— 3; hence «=0 gives a max- 
imum point (0, 3). When x = 3, 
y"=+3. Hence «=3 gives a minimum point (3, — 3). 

The curve is concave downward when y" < 0 or when a < 3; 
it is concave upward when y" > 0 or when x > 3. 
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135. Points of Inflection. A point of inflection is a point 
at which a curve changes its direction of bending.* ‘That is, 


* In connection with this definition it should be remembered that 
we are considering only functions which are 
single-valued and continuous, and which have is 
continuous first and second derivatives. Con- 
sider the circle «2+ y2=a?. The points 
A (a, 0) and B(— a, 0) separate an arc of the x 
curve which is concave upward from an are B (a, 0) 
which is concave downward. But A and B 
are not points of inflection. The function of x 
is y =+~Va?— g?, which is not single-valued, 


and 3 becomes infinite at A and B. Fig. 122 
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as the tracing point moves from left to right the curve 
changes from concave downward to concave upward, or 
vice versa, at a point of inflection. In the figure of § 133, 
C is a point of inflection. In the preceding example the 
inflectional point is (3, 3). Since the discussion of $133 
shows that y’’ is negative at the left of C and positive at 
the right, y’” will in general* be equal to zero at C. Hence, 
to find the points of inflection set the second derivative of y 
with respect to x equal to zero and solve for x. 

The tangent to the curve at a point of inflection is 
called an inflectional tangent. It should be observed that 
an inflectional tangent cuts through the curve at the point 
of tangency, and that it also approximates the curve very 
closely for a considerable distance on either side of the point 
of tangency. For this reason it is helpful in tracing a curve 
to draw the inflectional tangents with their proper slopes. 


Exercise. Show that the slope is a maximum or a minimum 
at a point of inflection. 


PROBLEMS 
In the following problems (a) find the maximum, minimum, 


and inflectional points; (4) find the slope of each inflectional 
tangent and draw it; (ce) draw the curve. 


8 
y= Ze te. 6. y = 2(e — 1) (#— 2). 
2.6y=6+4 30x — 22°. 1. y= — 2a! +2; 
3. 6y =a — 122 — 6. 8. 20y = a — 24.27 — 12. 
4,.2y=22°4+ 327. 9. 6y=64182?+ 8a°— 32%. 


5. 6y = 2° — 627+ 122. 10. y = (@’ — 1) (@’ — 4). 


* This statement is always true if y” varies continuously. In certain 
" ourves, which will not be considered in this book, points of inflection 
exist at which 7” is not zero; that is, y” changes sign by becoming in- 
finite instead of zero. 
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2 

11. 200y = 2° — 1027. lai y= ai +—: 
4 

12. 15y=3a'° — 252° + 602. 15. y= a +75: 
4 1 
18. y= 16. y = a + = 


17. Show that the following curves have no point of inflec- 
tion: (a) the ellipse, (6) the hyperbola, (c) the parabola. 


18. Find the points of inflection of the curve whose equa- 


tion is y= a and show that they lie on a straight line. 


19. Show that the curve whose equation is 2° + y®=1hasa 
point of inflection where it crosses the y-axis. 


136. Information given by the Derivatives. Before pass- 
ing on to the general discussion of an equation, we sum- 
marize for convenience the results of §§ 133-135 and 
Chapters II-IV, which bear on the tracing of a curve. 
These are as follows: 

1. If y' is positive (megative), the curve is rising 
(falling). 

2. If y” is positive (negative), the curve is concave 
upward (downward). 

3. If y’=0 and y"” is positive (negative), the curve has 
@ minimum (maximum) point. 

4. If y""=0, the curve has a point of inflection. 


The best way of making use of the information found 
in this way is given in the next section. 

137. Discussion of an Equation. The discussion of an 
equation is resorted to for the purpose of getting all 
possible advance information about the properties of the 
curve before making a table of values and drawing the 
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curve. The five points to be considered are those which 
have been mentioned in §§ 128-135; namely, 


1. Intercepts on the axes. 

2. Symmetry. 

3. Extent. 

4. Horizontal and vertical asymptotes. 

5. Maximum, minimum, and inflectional points. 


It is not to be expected that complete information on 
all five points will be obtained from every equation. For 
example, to determine the extent of a curve, it is neces- 
sary to solve the equation algebraically for both z and y. 
This will not be done if the equation is of higher degree 
than the second. But partial information about the extent 
may be obtained if the equation is solved for one variable 
only. Again, the determination of intercepts may involve 
the solution of a numerical equation of higher degree than 
the second. This will not be undertaken unless the equa- 
tion can be readily factored, because the results do not justify 
the labor. 

But in every case of curve-tracing the five questions of 
the discussion should be answered as far as practicable. 
As each fact concerning the curve appears in the discussion 
it should be indicated, if possible, on the plotting-paper. 
Thus when the first question has been answered, the inter- 
cepts should be marked on the coérdinate axes. If certain 
values are to be excluded, this fact should be indicated as 
in §131. If the answer to the fourth question shows that 
the curve has horizontal or vertical asymptotes, these should 
be drawn on the plotting-paper to serve as guide lines in 
tracing the curve. The maximum, minimum, and inflec- 
tional points should be carefully plotted and a short tangent 
line with proper slope drawn through each. The knowledge 
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thus gained frequently makes it possible to sketch the 
curve completely. If the information obtained by the cis- 
cussion is not sufficient for drawing the curve completely, 
point-by-point plotting must be used. 


Exampte 1. Discuss the equation 3y = 2° + 3a — 9a and 
trace its graph. 
Solution. Solving for y, we obtain 


a 
Y=3 +a? — 3a. (1) 


We cannot solve for x, since the equation is a cubic in a. 
Differentiating, we have 


y'=2+2xe—38=(¢£+ 3)(e—1), (2) 
y= 24+ 2. (3) 
We now take up the five points of the discussion in order: 


Discussion 


1. Intercepts) At 2’ = 0; 7'='0. 

If y= 0, #+32?—9x2=0; thenz=O0ore’?+32—9=0, 
whence « = — 4.9 or 1.9. | 

2. Symmetry. There is no sym- 
metry with respect to the axes or 
the origin. 

3. Hatent, The solution for y in 
terms of # involves noradicals ; hence 
no values of a are to be excluded. 
As x—>+o, y—>+; hence the 
curve extends indefinitely to the right 
and upward. As 7—>— 0, y+— »; 
hence the curve extends indefinitely 
to the left and downward. 

4. Asymptotes. The solution for 
y does not involve fractions with « fas das 
in the denominator; hence there are no vertical or horizontal 
asymptotes. 
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5. Maximum, minimum, and inflectional points. Setting 
y "= 0, we find ¢ =—3and1. When « =— 3, y=9, and y" 
is negative; hence (— 3, 9) is a maximum point. When « = iis 
y =— 4, and y" is positive ; hence (1, — $) isa minimum point. 

Sebuing y" = 0, we find « =—1, y=4,,and y! =~ 4. The 
curve has a point of inflection at (—1, 4), and the slope of 
the inflectional tangent is — 4. 


The facts shown by the discussion are sufficient to trace the 
curve completely. 

Exampite 2. Discuss the equation 2y—2?+4=0 and 
trace its graph. 


Solution. We are given 


vy—“+t+t4=0. (1) 
; 4 
Solving for y, y=1— ier (2) 
Solving f = fied (3) 
olving for a, e=t en 
8 
Differentiating (2),  y'= oe (4) 
24 
y"=—F 6) 
Discussion 


1. Intercepts. If y=0, e=+2. If x=0, equation (1) 
becomes 4= 0, which is impossible. Hence the curve does 
not cross the y-axis. 

2. Symmetry. The curve is symmetrical with respect to the 
y-axis. It is not symmetrical with respect to the a-axis or the 
origin. 

3. Extent. Equation (2) shows that no values of » (except 0) 
need be excluded. Hence the curve extends indefinitely to 
the right and to the left. Equation (3) shows that values 
of y greater than 1 must be excluded. Hence there is no 
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part of the curve above the line y =1, but it extends indefinitely 
downward. 

4, Asymptotes. Equation (2) shows that y becomes infinite 
when x approaches zero. Hence the y-axis is a vertical asymp- 
tote. Equation (3) shows that y =1 is a horizontal asymptote. 

5. Maximum, mini- 
mum, and inflectional yw 
points. Setting y'=0 lle ATT 
gives 8=0, which is im- 
possible. Hence there 
is no maximum or mini- 
mum point. Setting 
y'=0 gives 24=0, 
which is impossible. 
Hence there is no in- 
flectional point. 

Since there are no critical values, it is necessary to calculate 
a few values besides the intercepts in order to make an accu- 
rate drawing, although the general shape is obvious from the 
discussion. 


Fia. 124 


ExamptE 3. Discuss the equation 27y + a’y —4a%=0 
and trace its graph. 


Solution. We are given 


xy + ay —4ae = 0. (1) 

Solving for y, y= a (2) 

Solving for z, eo = oe penton e . 2 (3) 
4 a a? — a 


Differentiating (2), y'= 
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Discussion 


1. Intercepts. If y=0, «= 0, and ifa=0,y=0. Hence 
the curve cuts the codrdinate axes only at the origin. 

2. Symmetry. The curve is symmetrical with respect to the 
origin, but not with respect to either axis. 

3. Hatent. Equation (2) shows that no values of # need be 
excluded. Hence the curve extends indefinitely to the right 


and to the left. Equa- Yy 
tion (3) shows that 7? 
cannot be greater than YU7777 Wi Md 


4a*, Hence the curve 

lies entirely in the hori- 

zontal strip bounded by 

the lines y=2a and a > 
y =— 2a. 

4. Asymptotes. Equa- 
tion (2) shows that there YFY-///// VV 
is no vertical asymptote. 
This is also apparent 
from the fact that y can- 
not exceed 2a in numerical value. Equation (3) shows that 
y = 0 is a horizontal asymptote. 

5. Maximum, minimum, and inflectional points. Setting y'=0 
givesx=+aand—a. Forx=+a,y=2aand y" is negative. 
Hence (a, 2a) is a maximum point. For x =— a, y =— 2aand 
y" is positive. Hence (— a, — 2a) is a minimum point. 

Setting y"=0 gives = 0, +aV3, —aV3. Hence the 
curve has three inflectional points: (— a-V3, — a-V3), with 
slope Es 4; (0, 0), with slope 4; (a V3, av3), with slope — }. 

The curve is concave upward between (— anBy= a V3) 
and (0, 0) and to the right of (a-V3, a-V3). It is concave 
downward between (0, 0) and (a -V3, a -V3) and to the left of 
(—av3, —av3). 

Choosing any convenient numerical value for a, the curve 
can be sketched from the information given by the discussion. 
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PROBLEMS 


Discuss the following equations and trace their graphs: 


4 - 
12+y—1=0. 10.y=a' +: 
2.12 y= 24+ 2427— at. 11. 2°y —8y—2°=0. 
3.cyty—x=0. eee 8a? 
4.ey+y—x2=0. ‘94402 
5. y = 227 (a? — 4) ic 2x? 
6. y = 29(4 — 2%). YS BTA 

4 8 
ye + Mey a at 72. 

+ 
te 15.y=2°— «x. 
9. 8a°y — a + 32=0. 16. 9 = 2° — x. 


138. More Complicated Curves. When the solution of 
the equation for y involves radicals, the derivatives are 
frequently so complicated that the labor of finding all 
maximum, minimum, and inflectional points is not justified 
for the purpose of sketching the curve. In these cases it 
is best to discuss the equation for intercepts, symmetry, 
extent, and asymptotes, and then to make a sketch from 
a table of values. When it is necessary to use the deriy- 
atives, care must bé exercised in handling the double signs 
which occur when the solution for y involves an even root. 
It is best to operate with the positive sign alone. The 
results for the negative sign can usually be inferred from 
those obtained for the positive sign. 


Examp.e 1. Discuss the equation 77= axz* and trace its graph. 
Solution. We are given 


pee. ohne 
Solving for y, y=+ Vaz. (2) 
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Solving for a, C= VE. (3) 
Differentiating (2), taking the positive ie before the radical, 
y! =§ Vax (4) 
3a 
iP oe 5 
We (5) 
Discussion 


1. Intercepts. If x = 0, y= 0, and if y=0,x=0. Hence 
the curve cuts the axes only at the origin. 

2. Symmetry. The curve is symmetrical with respect to the 
x-axis only. 

3. Hatent. Equation (2) shows that x must have the same 
sign as a. We will assume that a is positive; then all negative 
values of x must be excluded, and there y 
is no part of the curve to the left of the 
y-axis. Equation (3) shows that no values of 
y need be excluded ; hence the curve extends 
indefinitely to the right and upward and in- / 
definitely to the right and downward. 0 4 

4, Asymptotes. The curve has no verti- 
eal or horizontal asymptotes. 

5. Maximum, minimum, and inflectional 
points. Setting y'= 0, we find«=0. For 
x= 0, y= 0 and y" becomes infinite. The Fic. 126 
curve is tangent to the x-axis at the origin. 

Since the curve does not extend to the left of the origin, the 
usual tests for maxima and minima cannot be made. 

The second derivative is always positive; hence there is 

no inflectional point, and the branch of the curve above the 
g-axis is always concave upward. 
_ When the negative sign is taken with the radical, the results 
, may be inferred by symmetry. The branch of the curve below 
' the x-axis is always concave downward and is tangent to bessd 
x-axis at the origin. 
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The two branches of this curve are tangent to the same line 
at the same point, forming a “ sharp” point on the curve. Such 
a point is called a cusp. 

Exampte 2. Discuss the equation (a —2x)y*— (a+ x)x?=0 
and trace its graph. 

Solution. We are given 

(a—2x)y?—(a+2)e=0. (1) 


Saying fol yh 2). yw ck oN E as = (2) 


The solution for x is not practicable. 


Discussion 

We will assume that a is positive. 

1. Intercepts. Ife@=0,y=0. Ify=0,x7=0 or —a., 

2. Symmetry. The curve is symmetrical with respect to the 
x-axis only. 

3. Extent. Equation (2) shows that x >a, and «<—a must 
be excluded. Hence the curve lies entirely within the vertical 
strip bounded by the lines « = a 
and «=— a. 

4. Asymptotes. The linex=a 
is a vertical asymptote. There is 
no horizontal asymptote, because 
x cannot exceed a numerically. 

Taking the positive sign with 
the radical, equation (2) shows 
that y has the same sign as a. 
Hence the curve lies below the 
x-axis between —a and 0 and 
above the x-axis between 0 and 
a, approaching the positive end of the asymptote x =a. 
Obviously the curve must have a minimum point between — a 
and 0, The other half of the curve, obtained by taking the 
minus sign in equation (2), can be drawn in by symmetry. 


Fig. 127 
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When a numerical value of a is given, the shape of the curve 
is readily obtained by plotting a few points. If it is desired to 
locate accurately the minimum point between — a and 0, we 


find, from equation (2), 
a + ax — x? 


y' =S _.. 
(a — x) Va? — x? 
Setting y'= 0 gives 


z= 5(1 + V5). 


The positive sign must be rejected, since ~ cannot be greater 
than a. Hence the minimum point is 


z=5(1—V5)=— 0.6184, y=— 0.3004. 
By symmetry there is a maximum point (— 0.618 a, + 0.300 a). 


Exampe 3. Discuss the equation #*— «xy +y?=12 and 
trace its graph. 


Solution. We are given 


v’—aryt+y=12. 7 (1) 
V48 — 32? 
Solving for y, y= BENE (2) 


(3) 


Solving for a, x= EEE 


Discussion 


1. Intercepts. Ife=0,y=+ ~/19, Ify=0,%=+4 V12. 

2. Symmetry. The curve is symmetrical with respect to the 
origin, but not with respect to either axis. 

3. Extent. Equation (2) shows that x cannot be greater 
numerically than 4, Equation (3) shows that y cannot be 
greater numerically than 4. Hence the curve lies entirely 
within the square bounded by the lines x = 4,4 = — 4, y =4, 
y =—4. 


“.. 
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4, Asymptotes. There can be.no asymptotes, because neither 
x nor y can become infinite. 

Taking the positive sign with the radical in equation (2), 
the table of values is computed for half of the curve. 
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Fig. 128 


The other half of the curve can be drawn by symmetry. It 
is obvious from the figure that (2, 4) isa maximum point and 
(— 2, — 4) is a minimum point. 


PROBLEMS 
Discuss the following equations and trace their graphs : 
1.2? +7—1=0. 9.0°+ 3ay+7=4. 
2Y7Y+e—a2=0. 10. 7(2a — x) = 2. 
3.07 + y—ax=0. 11. V2 + Vy = Va. 
4. vy? = x? (a? — 16). 12. (y— 2)? = 2°. 
5. y+ y—2’=0. 13. (a — x) = a? (a +2). 
6. y? = 27 (16 — 2). 14. (a? 44+ 3)=-2. 
7. 0°—2eyty—x—y=0. 15.7%=(4—2)(8—2)(2—2). 
8 


e+ayty= 4. 16. 2*+ 77 =16. 
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139. Circle of Curvature. In a previous chapter the direc- 
tion of a curve at any point was defined as that of the 
tangent at that point. It has also been noted that an in- 
flectional tangent fits a curve very closely at the point of 
contact. Tangents at other points, however, do not fit the 
curve closely, especially if the direction of the curve is 
changing rapidly. A better approximation can be obtained 
by means of a properly drawn circle. 

The conditions determining such a circle are fairly obvi- 
ous. First, it must be tangent to the curve; hence its 
center will be on the normal drawn at the given point. 
Moreover, for the approximation to be close, the slope of 
the circle must change at the same rate as that of the 
curve; otherwise the circle will at once diverge rapidly 
from the curve, just as the tangent line does. We therefore 
have the following definition : 

The circle of curvature at any point of a curve is the 
circle which is tangent to the curve at that point and whose 
slope changes at the same rate as that of the curve. In brief, 
the requirement is that, for the point of tangency, y’ and 
y" shall be the same for both curve and circle. 

140. Radius of Curvature. The radius of the circle of 
curvature at a point is called the radius of curvature of 
the curve at that point. To obtain a formula for this we 
proceed as follows: 

Let P(a, y) be the point on the curve y= f(x), C(h, k) 
the center of the circle of curvature, and & its radius. 

Since the circle is tangent to the curve at P, the coérdi- 
nates of this point satisfy the equation of the circle 


(@—hy+y-hypa @) 
dy __t—h 


Differentiating, aati Paw 
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But the circle is tangent to the curve at P; hence, if y’ 
denotes the derivative of y=/(), 


y z—h 


Moreover, the definition requires that the slopes of the 
circle and of the curve change at the same rate. Hence 
their second derivatives are the same; that is, 


yf! =— Yy—h-@—hy' 


(y — k)* 
(@—h) 
(y—k)+ ee 
(y — ky’ 


After simplification this becomes 


(y — k)*+ (@— hy? 
yl"! SS. 3 
(y— ky (8) 
To obtain a formula for & we must eliminate h and k 
from equations (1), (2), and (8). We first eliminate A. 
Using equation (1) in (8), we obtain 
R? 
i ee 4 
yb (4) 
Squaring (2) and adding 1 to both sides, we get _ 


wen LDN © Beye) Prawh © Sree 
Ld oft Sale ales 
(y— ky’ (y — ky’ 
_ Using equation (1) again, this becomes 
R? 


1 +S SB (5) 


_CURVE-TRACING 268 


To eliminate & we square both sides of equation (4), 
cube both sides of equation (5), and divide the second 
result by the first. This gives 


pao aty. 
172 
: 23 
whence rat Gtyy, 
which is the formula for R. 

By substituting this in the earlier equations, formulas 
for 4 and k may be obtained, but it is usually better to get 
the center by simply measuring off # along the normal 
from P. The center is above or below the curve, according 
as y"’ is positive or negative at P; but it is better simply 
to use the fact that C must be on the concave side of 
the curve. 


Exampte 1. Draw the circle of curvature of y = 2° at the 
point (1, 1). 


Solution. Differen- : | 
tiating, j 
y= 8s | 1 = 33 
ri | 


y"=6e | = 6. 


2=1 


Substituting in the 


formula, Fic. 129 
$ VJ 
raGt® = ONE = 53. 


The slope of the normal is — 4, and the curve is concave 


upward at this point. In the figure note that the circle and 


the curve are indistinguishable near the point of contact; also 
that the circle crosses the curve at the point of contact. 
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Exampue 2, -Find the radius of curvature of the parabola 
y? = 2px at the vertex. 


Solution. Differentiating, 


2yy'=2p, or yaoi 
he PV Le, 
y da y 


At the vertex, y = 0 and both y'and y"” are infinite. In such 
cases substitute the general expressions for y’ and y" in the 
formula for R, and simplify before putting in the values of 
x and y. Doing this, we 


have 
ee) 


Yt y 
yp 


A to ahs 
= ae 
p Fig. 130 | 


liye 


or 
If we now set y = 0, we get the desired radius, which is R = p. 


PROBLEMS 


1. Draw the following curves with their circles of curvature 
at the points indicated : 


a. 4y= 2", (2,1). 6 A ae 
b. y=x'— 6274 9x, (3,0). 9 2+ 4y'= 8, (2, —1). 
c. wy =— 24, (4, — 6). hy = a (4 — x’), (0, 0). 


dy aah deg BA, ty, iE YA 0,0), AO) 
e. x? — y? = 12, (4, 2). j. = 2 ny, (>, ?). 
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2. Find the radius of curvature for each of the following 
curves at the point (a, y): 

a. Bx? + ay? = ab. Cua ian’. 
b. Bx? — a®y? = ab? i. oP = az. 

3. Show that the radius of curvature of a straight line is 
infinite. 

4. Show that at a point of inflection the radius of curvature 
of any curve is infinite. 

_5, Using the result of Problem 2, a, show that the radii of 
curvature of an ellipse at the ends of its axes are Y and ts 
Draw an ellipse with these four circles of curvature. ~ 2 

6. Find the radius of curvature of the parabola Vz +Vy=Va 

AE CR 
at the point (¢. ‘) . 

7. Find the radius of curvature of the witch y = 
at its maximum point. 

8. For each of the following curves find the point where the 
radius of curvature is a m4ximum or a minimum, and illustrate 
by a figure: 

a y= x. | c. xy = 24, 
by = 4a — 27. a. y= 2. 

9. For each of the following equations find the radius of 
curvature for the given value of the parameter, and draw the 
figure. 

Hint. In finding y’ remember that y’ = oe = . divided by “ 
(see §§ 56, 59, 89). . 

ae2=0,2y=t,t=—1. 

eee, yt, 6 1, 


Bat 


et 4a? 


oent y= tH3. 


141. Applications. 1. Small Arcs of Curves. The length 
- of a small arc of a curve may sometimes be approximated 
by means of its circle of curvature. As an example, let us 
find the length of an are of 1° measured along a meridian 
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at the equator. Since a meridian is an ellipse with its 
vertices at the equator, we know that its radius of cur- 
2 


vature at this point is ~ (see Problem 5 above). The 


equatorial radius of the earth is 8963 mi. and the polar 
radius is 8950 mi.; hence a= 3963 and 6= 3950. There- 


2 
fore eae 3937. Now an arc of 1° of the elliptic me- 
a 


ridian is relatively short, and may therefore be closely 
approximated by finding a similar are of the circle of 
curvature. This is easily seen to be 


2rk (8.1416) (8937) _ 
Beg gg ee 68.72 mi. 


Exercise. Show that an are of 1° at one of the poles is 
about 69.39 mi. 


2. Railroad Curves. It is well known that railroad tracks 
e “banked” at curves (that is, the outer rail is higher 
than the inner one) so as to avoid undue pressure on the 
outer rail and to prevent swiftly moving trains 
from jumping the track. Moreover, the bank- VAS 
ing is steeper when the radius of curvature is , 
smaller. The same thing is true of properly / 
constructed automobile roads. r 
If a straight track were joined immediately 
to a circular track there would be a sudden 
change in direction, with the consequent bank- 
ing of the track, which is undesirable. For 
this reason engineers have sought a transi- 
tion, or easement, curve with which to connect straight 
and circular tracks. The requirements which this curve 
must fulfill are obvious. It must have at one end the same 
radius of curvature as the straight line, and at the other 
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end the same radius of curvature as the circle. The radius 
of curvature of the straight line is infinite, and the radius of 
the circle will be some finite quantity. Hence a curve is 
required whose radius of curvature will be infinite at one 
point and will decrease, as we move along the curve, to the 
desired radius of the circle. The simplest curve possessing 
these properties is the cubical parabola y = az*, whose radius 
of curvature at any point is 


pita 
6 ax 


At «=0, & is infinite; by properly choosing a and z, 
#& can be made equal to the desired radius of the circle. 
Hence the cubical parabola is used as the theoretical transi- 
tion curve. In actual practice the difficulties of laying out 
this curve exactly are avoided by the use of various approx- 
imate methods suited to the degree of accuracy required. 


CHAPTER IX 
INDEFINITE INTEGRALS 


142. Integration. The process of differentiation enables 
us to find the differential (or derivative) of a given func- 
tion. Integration is the inverse process of finding the 
function when the differential (or derivative) is given. 

For example, if the given function is 2’, the differential 
is found to be 8 z*dz. Inversely, if the differential 3 2*dz is 
given, it is clear that a function having this differential is 
x. But this is not the only function having the given dif- 
ferential. Obviously 32*dz is the differential of 2°—7, of 
x +10, and, in general, of 2°+C, where C is any constant. 

Notation. In the example above, z°+C is called the 
integral of 3 a°dx, and this is indicated by the notation 


([evdeaee C. 


The function 3 2* is called the integrand. 
In general the notation 


[t@ dz = F(x)+C 


means that F(x) +C is the integral of f(x) dz; f(z) is the 
integrand and, by definition, 


dF=f(x)dz, or =f). 


In words, the integral may be defined as follows: The 


indefinite integral of a given differential expression is the 
268 
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Function whose differential is the given expression.* The 
integral is called indefinite because the constant C’ can have 
any value. In order to determine a value for C, additional 
data must be given, as explained in the next chapter. 
143. Formulas for Integration. Since integration is an 
inverse process, the formulas are obtained by inverting the 
formulas for differentiation. In fact, every solution of a 
problem in differentiation yields a formula for integration. 
For practical use, tables of integrals have been compiled 
containing many forms. For present purposes we give only 
four formulas for integration : 


(I) tn du=u+c. 
QD fife +o@lar= fraart fo(aar. 
(111) ie adu=af du. 


F yt ae 

(IV) [wae = + oy it ne 1. 

In these formulas w denotes a function of x (or some 
other independent variable). 

Formula I merely states the definition of an integral. 

Formula IT states that the integral of a sum of differen- 
tials is equal to the sum of the integrals of the differentials. 

‘In Formula III, @ is any constant, and this formula 

shows that a constant can be moved from one side of 
the integral sign to the other. The student is warned that 
a variable cannot be moved from one side of the integral 
sign to the. other. 


* This definition implies that a given differential can have only one 
integral. That this is true is proved in more advanced courses, where it 
is shown that two functions which have the same differential differ only 


by a constant. 
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Formula IV is the power formula, in which n is any 
constant except —1. If the exponent of u in the integral 
is —1, the integral involves a logarithm, which will be 
considered later (Chapter XIV). 

Proofs of the Formulas. It follows from the definition 
of an integral that each formula may be proved by showing 
that the differential of the right-hand side is the expression 
under the integral sign on the left. We give the proof 
for Formula II; the others are proved in a similar manner. 


al [7@aet [o@ar]=a f7@az+a fg @)ae 


= f(x) dx + g(x) dx by definition 
of integral 
=[f(@) +9 (2) ]dn. 


144. Use of the Formulas. Any function consisting of 
algebraic expressions can be differentiated by direct appli- 
cation of the formulas already given. But comparatively 
few expressions can be integrated, and, for the present, 
only such expressions as can be reduced, by a proper 
transformation, to the exact form of one of the formulas of 
the preceding paragraph. Since the integrand is the deriva- 
tive of an integral, the correctness of the work in any 
problem of integration can be tested by showing that the 
derivative of the result is equal to the integrand. The 
method of using the formulas will be illustrated by | some 
examples: . 


Exampie 1. Find +b 5 ada. 


Solution. ib Sarda = 5 f x dx, by Formula III 


5 3 
= + Cc. _._ By Formula IV 
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Exampre 2. Find ij (a? + 2a? + 3) de. 


Solution. ob (x? + 227+ 3)dx 


= [stant [20tde+ [3ae, by Formula II 
LZ “ff atdx +2 f de +3 sft deji* by Formula III 


=o 472 gate. By Formulas IV and I 


It should be noticed that a separate constant might be added 
with each of the three integrals of the second step of the solu- 
tion. But this is unnecessary, since one arbitrary constant is 
equivalent to the sum of any number of constants. 

: e+ 2 

Examp.e 3. Find dx 

J Va 

Solution. Since the denominator is a monomial, we can 
divide term by term and apply the power formula to each term 
of the result. This gives 


he Sade = f (ah 20° 1 dx 
= [atin +2 fats 


=geitAri+c, 


Examepte 4. Find | Va +1dz. 


Solution. This integral can be found by the power formula. 
Comparison with Formula IV shows that w=a +1, du=dz, 
and n=}. Hence 


3 i 
f VeFiae =F + 0=5e +n +e. 
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Exampte 5; Find | V8adz. 


Solution. This can be solved in two ways. The first is to 
factor out the constant, which gives 


at 5 
([ VSade =V8 [alan = VBE + = PvE +c. 


A second solution is as follows: Let u= 8a; then du = 8dz. 
Since, by Formula III, a constant factor may be moved from 
one side of the integral sign to the other, we can multiply the 
integrand by 8 without changing the value of the given expres- 
sion, provided that we place the compensating factor 4 before 
the integral sign. We then have 


f VBeaa=4 [ V8 8do=4 [ (82)'8a0, 


The integral is now in the form of the power formula with 
n=}. Hence ~ 


$ § 
f V8ade=5- Sea +e. 


This is easily seen to be equal to the result obtained above. 
(Compare Example 1, p. 110.) 

SoA 

vai 

Solution. Let w= a? —«a*; then du =— 2adz. 

Since, by Formula III, a constant factor may be moved 


from one side of the integral sign to the other, we may Saal 
numerator and denominator by — 2 and write 


ExaAmp.ze 6. Find 


da 1 —2edx _ 
Tenis wal aaa ced te 


The integral is now in the form of the power formula ~ 
with n =— }4. Hence . 


ada Me 28) 
Ss C=— 2 * 
e ahat ae 9 } a Va oe Ta 
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Exampte 7. Find Nir CES 


Solution. Let u=22.—8; then du = 2 dx. 
Multiplying numerator and denominator by 2, we may write 


2 dx 
be as (2a — 


PPE ae af 2 — 3)7*(2 dz). 


The integral is now in the form of the power formula with 


nm=— 2. Hence 


{a> che 17 


ze 
|+o-ggecate 


PROBLEMS 


Integrate the following: 


dx 
1. [6 dx. a. [oe 
x 
oy 


2. f V edt. 


Be. 
vy 


6. fi @— chee. 


5. 


4 9 
1. { @—Ba?+ 2 — 2) de. 14. f(t a)ae 


8. f (— Aydt. 


2 [ (e- BVa + <)ae 


10. fe (a + ba+ cat”) dx. 


uu. fe t-) dt. 


12. f(d—a)@ + a) dx. 


13. f at(2— 3.x) dx. 


18. [2 — 32) adzx. 


16. { @—2)Vade. 
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ai. { Vi— ade 

22. si (at — ai) S. 
x 

23. ik a (a + ba*)#da. 


24. 4k (2 = 3) dy. 


25. [ (2 ax + x*)(a +2) da. 


poof eee. 


97 6sds 
. Vi = 253 
28. f VB ads 
gait ee: 
‘) V38a 
30 [ var Bae. 
31 dx 
IVS 


32. if (82—2)%dx, 


33. ss (5 — 2)Pde. 
34. f (4 3.a)'de. 
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35. { 2+Va)de. 


40. f Veda: 


a1. fo 2 ada. 


42 Sada 
; Vba 


43. f 2a — ads, 
a. f «V2F—Bas 


as. (2. 
fags 


46. f 2y' Vy + atdy. 


8vudv ; 
(9 — 4%)* 


48. 1 2V9 4 ade. 


47. 
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145. Integration by Substitution. Many integrals can be 
reduced to the standard formulas by making a substitution 
which introduces a new independent variable. The fol- 
lowing substitution of this type is frequently useful: when 
the integrand contains a radical of the form Va + bz, set 
Va+be=v; then a+ bz= and bdx=2vdv. 


Exampre. Integrate xV1+ 3adz. 
Solution, Let V14+3a=v; then 3 dx=2vdv,anda= 


Haas forties [Cs 032 


vee 


Hence, substituting the value of v, 


i ] 
fovirSade—A+so' +80), 6 


By factoring we can reduce the result to the form 
13592 —2)(14+3a)i +c. 
This reduction is sometimes, but not usually, desirable. 
The method of substitution should not be used if the inte- 
gration can be performed by the power formula. 


PROBLEMS 
Integrate the following: 
1. f eva — xdx. af @ — x*)"da. 
adxz 
. ——————* 5. xe af da. 
2. [= ne Vite 
ada 
7 ee — 6. | eV1+ 27%dxn 
a +2 Hf 
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x? dx 
8. 


Vrilie 


a dx 
9 


tdt 


: Va + bt 


un. fyvVa + bydy. 


12. fyvVa + by? dy. 


; Vie 
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7. nh (1 + a%)"de. 


pi 2 “dx 
3 pean 


14. [ V2 p00. 
15. f Va + bada. 
16. [eV2= tae 
11. [atVEE +3 ax. 


is. [-V 8 — ada. 


CHAPTER X 
CONSTANT OF INTEGRATION 


146. Initial Conditions. It has appeared in the preceding 
chapter that the process of integration introduces an arbi- 
trary constant, and, consequently, a function is not com- 
pletely determined when its differential is known. For 
the complete determination of a function by integration 
it is necessary to know the numerical value of the function 
corresponding to some numerical value of the independent 
variable. The particular values of the independent vari- 
able and of the function which serve to determine the 
constant of integration are known as initial conditions. 
The use of initial conditions to determine the constant of 
integration will be illustrated by an example. 


Exampie. Find the function y = f(x) whose differential is 
x*dzx and which is equal to 5 when z is equal to 3. 


Solution. Given ay = ads, 
By integration y = | x*de, 
3 
or y= £ ot 
Since y = 5 when x = 8, we have, by substitution, 
b= ae +C; 
whence C=— 4. 
Substituting this value of C above, the final result is 
ry ind 7 
Yee 4, 
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PROBLEMS 


In the following problems find the function whose differen- 
tial is given and which satisfies the given initial conditions : 


1. dy = Gs y = 0 when # =1. 


2. dy = Vada, y = 2 when a = 4. 
3. dy=xv2?+16dxe,y=5 whenz=3. 


da 
. dy = ————— = 4 when a =1. 
a reer nad 


5. dy = (24 +|)de, y = 0 when 2 = 8 
ou 


6. ds = V7 tdt, s = 0 when ¢ = 0. 

1, ds =(32t —10)dt, s = 20 when t= 0. 

8. ds = (#— 2-Vt)dt, s = 7 when t = 0. 

9. dy=2v9+ «dx, y = 0 when x = 0. 
eds 

dy = =1 when «= 4. 

a eae 


. ada 
11. dy= Fond & 2 REP 2 5 O 


12. dy=avV25 — ada, y= 0 when a = 0. 


i3: Fy Et ee ay! 


V5 —a@ 
14. dy = Va — a’ xdax, y = 0 when « =a. 
Can sue Yo 16 
vit. Ske aa 
16. dz = (2 — 2) Vda, 2 =—1 when «= 8. 


15. dy = 


é 2 ‘ 
17. dy= is dx, y= 2 whenw=1. Find the value of y 


at 
when « =— 1 
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18. ds = V1 — tdt, s =} when t=0. Find the value of s 
when ¢=—1. 

19.dA=V2pxrdx, A= == when a = £. Find the value of 

2 

A when «= 2 Se 

20. dz = (2 — y’)*dy, z =— 6 = y=0. Find the value 
of z when y = 2. 

21. dy = Va+2dx, y=1 when «= 2. Find the value of 
y when x =7. 


dx 
22. dz = 
Vax 


when « = 4. 


23. dy=«#v9+427%dx,y=0 when «=0. Find the value 
of y when x = 2. 


24. dy=axV2x+1dz, y=0 when x=0. Find the value 
of y when x = 4. 


» 2=—4 when z=0. Find the value of z 


147. Curves with Given Slope. Suppose that « and y 
represent rectangular codrdinates and that the derivative 
of y with respect to x is known in terms of x and y. 
Thus, let ay 
aig TW: 


This equation is called a differential equation, because it 
involves a derivative, and it gives the slope of a curve at 
every point for which f(a, y) has a real value. In order 
to determine the equation of a curve having the given 
slope at every point it is obvious that an integration must 
be performed. Since the process ‘of integration introduces 
an arbitrary constant, the differential equation represents 
a system of curves. A particular curve of the system can 
be determined by requiring that it shall pass through a 
given point. The method of finding the equations of curves 
haying given slopes will be illustrated by two examples. 
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Examp te 1. Find the equation of the curve whose slope at 
every point is equal to its abscissa and which passes through 
the point (0, — 4). 


Solution. By the conditions of 
the problem, 


= = 2, (1) 
whence dy = xdz 
and y= af edz. 
Hence y=es Cc. (2) Fic. 132 
1G. 


The value of C is determined by substituting x = 0, y =— 4, 
i tion (2): 
in equation (2) 47 ote 


Hence C =—4, and, substituting this value of C in equa- 
2 


tion (2), the final result is y = = —4, 

Equation (2), which is the equivalent of the differential 
equation (1), represents a system of parabolas, as shown in the © 
figure. The heavy curve of the system is the one which satis- 
fies the given initial conditions. 


Examp.e 2. Find the equation of the curve which passes 
through (3, 2) and whose slope at every point is given if 


Solution. In order to integrate the given equation it is nec- 
essary first to separate the variables; that is, to write the given 
equation in a form such that each term contains only x or 
only y. Thus, clearing of fractions, we have 


ydy = — xdz. 
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Each term of this equation may be integrated, giving 


vos, 
I 
| 
| 
-+ 
Q 


or Bi aye= 2C. (4) 

The value of C is deter- 
mined by substituting x = 8, 
y = 2, in equation (1): 

9+4=20 

Hence 20 = 13, and, on 
substitution of this value in 
equation (1), the final result 
becomes 


+ y= 13. Fig. 188 


Equation (1) represents the system of circles with center at 


the origin. 
PROBLEMS 


1. In the following problems find the equation of the curve 
which has the given slope at every point and which passes 
a the given point: 


a = Vz, (0, 0). h. ue Ty (dl, 0). 
dy dy 
b. oe Vy; (0, 0). i. oa gs 3a, (0, 2). 
d iri — bx 
eet (0, 0). lee eet (0, 0) 
dy dy _swoRBsisy 
d. as » (5, 0). k. ae es (0, 2). 
dy 2 
e b= =vV-oz LY, ak My (f we = 3m (0, 0). 
d, y 
phe, G1). m= — - (a, 0). 
d: x d 
pe 5 (0, 8) n, =F, (a, 0) 
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2.In the following problems find the system of curves 
defined by the given equation. Draw three curves of each 
system. 


dy _1 v1 pik EN 
“da 2 “de 2y ‘de # 
dy 42 dy 2 cays ia 
._——_ = —- , = = oe — 1. . 
bay Late J: on 
dy 4a dy dy « 
oe ee YY 308, Pa seal 
aa Oy Pe me de P 
a4 4p YBa, wa”. 
oe te “dx 2+y “dx sy 


3. Show that the curve whose slope is everywhere 3 — 2x 
and which passes through the point (— 2, 1) is a parabola, and 
draw its graph. 

4. Show that the curve whose slope is everywhere a + bx 
is a parabola. 


5. At every point of a certain curve y’=— 3. Find the 
equation of this curve if it passes through the origin and has 
the slope 1 at this point. 


6. At every point of a certain curve y" = a Find the 
x 


equation of the curve if it passes through (2, 1) and has the 
slope —1 at that point. 


7. At every point of a curve y" = 62, and it is tangent to 
the line whose equation is 2% — 3y = 6 at the point (0, — 2). 
Find its equation. 


8. Find the equation of the curve at every point of which 
y" = 15 Vz and which passes through the point (4, 0) with an 
inclination of 45°. 


9. Find the equation of the curve at every point of which 
6 . 
y" = 2 and which passes through the point (1, 1) with an in- 
clination of 135°, , 
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10. What is the system of curves determined by the equa- 
peaks : 
tion a =k, where & is a constant ? 


11. Show that the equation a = i determines a system of 


hyperbolas or ellipses according as & is positive or negative. 


12. Show that the equation ou =] determines a system of 
parabolas symmetrical with respect to the x-axis. 
13. Show that the parabola is the only curve such that the 


rate of change of the slope with respect to x is constant. 


148. Straight-Line Motion. If the distance s of a point 
moving along a straight line from a fixed point O is known 
as a function of the time ¢, the velocity and acceleration, as 
we have shown in Chapter VI, are obtained by differentia- 
tion. Thus 


rat 

~ dt 

dv 

and oes Wie 


It follows from these formulas that if the acceleration 
is known as a function of the time, the velocity is deter- 
mined by integration. Thus 

a lero a 


And if the velocity is known as a function of the time, 
the distance is determined by integration. Thus 


em [ode 


Of course, each integration introduces an arbitrary con- 
stant, which can be determined if proper initial conditions 


are known. 
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Examrie 1. A particle moves with an acceleration of 
Gra 
107 
and the distance moved after ¢ seconds. 


ft./sec.’, its initial speed being 6 ft./sec. Find its speed 


Solution. By the statement of the problem, the initial con- 
ditions are that when ¢ = 0, v= 6; and we may choose the 
starting-point as the origin, so that s = 0. 


&: 1+t 
ince (8p ta 10 ? 
1+¢ 
v= jo %3 
h ia sean dl (a 
whence %=79 + 50 ; (1) 


If we substitute ¢ = 0 and v = 6 in equation (1), we have 
C = 6, and 


v= 6d (2) 


But = f vas or 2={(6+79 +e 


Integrating, we have 


Pron ; 
s=6ittoaptet ©: (8) 
The substitution of t= 0 and s=0 in equation (3) gives C'=0, 
whence eB 
aa (4) 


Equations (2) and (4) are the required results, 


Exampte 2. A ball is thrown straight upward with a speed 
of 80ft./sec. Neglecting the resistance of the air, find how 
high the ball will go. 


Solution. It is assumed that the acceleration is due entirely 
to gravity. Let the positive direction of the line in which the 
ball moves be upward, with the origin at the point from which 
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the ball is thrown, and let the time be measured from the in- 
stant when the ball is thrown. Since the acceleration due to 
gravity is downward, it must be given the negative sign. 


Hence a =— 32 ft./sec.? 
and v= aft — 32 dt. 
Integrating, v=— 32t+C. (1) 


The initial conditions for the determination of C are that 
v = 80 when¢ = 0. Substitution of these values in equation (1) 


gives C = 80. Hence y =— 32t + 80. (2) 
But ex f vat, or =f 32 ¢ + 80) dt. 
- Integrating, we have s=— 1627+ 80¢+ C"'. (3) 


The initial conditions for the determination of C’ are that 
s=0 whent=0. Substitution of these values in equation (3) 


. hee 
gives C'’= 0. Hence s=— 164+ 804. (4) 


As long as the motion continues without interruption the 
velocity is given by equation (2), and the position by equation (4). 
The ball will continue to rise until the velocity is zero. Set- 
ting v = 0 in equation (2) gives ¢ = 2.5. Hence the ball moves 
upward for 2.5sec. The height at this time is found by sub- 
stituting ¢ = 2.5 in equation (4), which gives s = 100. There- 
fore the ball will go to a height of 100 ft. : 


PROBLEMS 


1. With what velocity will a stone strike the ground if 
dropped from the top of a building 120ft. high? 
- 2. With what velocity will the stone of Problem 1 strike 
the ground if thrown downward with a speed of 20 ft./sec. ? 
if thrown upward with a speed of 20 ft./sec.? 
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3. A car makes a trip in 10 min., and its velocity is given 
by v = 500¢ — 5#, where ¢ is measured in minutes and v in 
feet per minute. (a) How far does the car go? (6) What is 
its maximum speed? (c) How far has the car moved when its 
maximum speed is reached ? 

4. A stone dropped from a balloon, which was rising at the 
rate of 15 ft./sec., reached the ground in 8 sec. How high was 
the balloon when the stone was dropped ? 

5. In Problem 4, if the balloon had been falling at the rate 
of 15 ft./sec., how long would the stone have taken to reach 
the ground ? 

6. A train leaving a railroad station has an acceleration of 
0.5 + 0.02 ¢ feet per second per second. Find how far it will 
have moved in 20 sec. 

7. If the acceleration of a particle moving with a variable 
velocity v is — kv’, where x is a constant, and if w is the initial 


velocity, show that : = ‘ + kt. 


Hint. Separate the variables before integrating. 


8. If v=2 when ¢ = 3, find the relation between v and ¢, 
provided that the acceleration is 


a. 2t—#. ce. 3t7 8, Cie 
1 1 
la me ated 
b. 5 te | q4—72 $i ra 
9. Find the relation between s and ¢ if s = 2 when ¢=1 
and if 
av=vVi—1. acv=act bt. 
b vaP+ 3 d.v=itiv@—1. 


v 


10. A particle starts with an initial velocity u and is subject 
to a constant acceleration a. Show that the velocity and dis- 
tance after time ¢ are given by the formulas v = u + at and 


s=ut+ tat? 
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11. A particle sliding on a certain inclined plane is subject 
to an acceleration downward of 4 ft. per second per second, 
If it is started upward from the bottom of the plane with a 
velocity of 6 ft./sec., find the distance moved after ¢ seconds. 
How far will it go before sliding backward ? 

12. If the inclined plane in Problem 11 is 20 ft. long, find 
the necessary initial speed in order that the particle may just 
reach the top of the plane. ; 


149. Resolution of Forces. In the adjoining figure the 
arrow P7Z' represents the magnitude and direction of a force 
F acting upon a particle at P. The quadrilateral PRTS is 
a rectangle whose sides are 
parallel to the codrdinate 
axes and whose diagonal 
ig_£ 7’. 

In elementary mechanics 
we learn that the effect of 
the force / is the same as 
that of two forces acting ie ae 
parallel to the codrdinate 
axes and of magnitudes equal to the sides of the rectangle 
constructed above. These forces are called the componente 
of the force 7. The 2-component will be denoted by F, and 
the y-component by F,. Then #,=PR and F,=PS. 

By trigonometry, 

PR=PTcosa and PS=PT sina. 


Hence F,=Fcosa and F,=F sina. 


The process of replacing a force by its components is 
called resolution of forces, and is of great importance in 
solving problems involving forces. 

150. The Suspension Cable. Suppose that we have a 
cable so loaded that the weight suspended (including the 


—— 
~ 
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weight of the cable) is w pounds per horizontal foot, w 
being constant. A suspension-bridge cable approximates 
this ideal condition. The problem is to determine the 
shape of the curve in which the cable hangs. 

Let us take the origin at the bottom of the cable, 
with the z-axis horizontal. The part of the curve heavily 


marked represents a piece 
of the cable extending from 
the origin to some point P. 
The forces acting upon the 
piece OP are its weight, wz, 
and the tensions, H and Z, 
at the ends of this piece. 
The line of action of H 
is horizontal and that of 
T is along the tangent to 
the curve at P (since the 


Fig. 135 


direction of a curve is the same as that of its tangent). 
Since the cable is in equilibrium, the horizontal and 
vertical components of Z must be balanced by the forces 


H and wz respectively. 


Hence Teos@a=H and Tsina=we. 


Dividing the second equation by the first, we have 


wr 
ed ay 
But ton ee oY: 
dz 
Hence dy _ we 
dx H 

or dy = Fede. 
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Integrating, YEA 


Lasts 
Since y=0 when x= 0, the constant C=0. Thus the 


equation of the curve is 
wa" 


Y= oR 


which is the equation of a parabola. 

151. Curvilinear Motion. While an adequate study of 
curvilinear motion is beyond the scope of this book, the 
methods of § 148 can be extended to certain simple problems 
involving curvilinear motion. 

We begin by defining acceleration along the z-axis as 
the time rate of change of the z-component (see § 89) 
of the velocity along the curve. Similarly, the acceler- 
ation along the y-axis is the time rate of change of the 
y-component of the velocity. If, then, the Se 


along the z-axis is some function of ¢, as FO; 4 —"=f (Et). 


One integration will give v, as a function aie ‘ and a 
second integration will give 2 as a function of ¢, since 
oa v, Likewise, we can find y as a function of The 
two equations thus found are called the equations of motion 
of the point, and are the parametric equations of the path 
pursued. 


Exampte. A projectile is shot with an initial speed of 
600 ft./sec. from a mortar inclined at an angle a whose sine 
is 2. Find the path of the projectile, neglecting air resistance. 


Solution. We first determine the initial conditions. Let us 
take the origin at the muzzle of the mortar and let the z-axis 
be horizontal. If P(x, y) denotes the position of the projec- 
tile at time ¢4, e=0 and y=0 when ¢=0. From § 89 we 
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find that the z- and y-components of the initial velocity of 
600 ft. /sec. are 600 cos a = 600 - ¢ = 480 and 600 sin a = 600 - 3 
= 360. That is, when ¢ = 0, v, = 480 
and v, = 360. 

Since air resistance is disregarded, 
v, = 480 constantly. 


Hence as = 480, 


dt 
or de = 480 dt. STA ES 181 x 
Integrating, « = 4807+ C. Fig. 136 


Since x = 0 when ¢= 0, C = 0, and we have 
x = 480t. (1) 
The force of gravity, acting vertically, produces a negative 
acceleration of — 32 ft. per second per second. 
dv 


Hence 7 =— 32, or dv,=—32dt. 


Integrating, v,=— 32¢+C. 
Since v, = 360 when ¢ = 0, 


v, — YY __ 3944 360. 


il 
Integrating again, we have 
y = 860¢— 162. (2) 


Equations (1) and (2) are the equations of motion required, 
or the parametric equations of the path. The curve can be 
easily plotted from these equations. If we eliminate the be 
rameter ¢, we obtain the single equation 


ae 
4=4 ~ 14400’ 


which shows that the path is a parabola with its axis vertical. 


/ 


CHAPTER XI 
DEFINITE INTEGRALS 


152. The Definite Integral. Suppose that 
f- f(a) de=$(#) +0. 


In this indefinite integral, 6(v)+ C, put first z = 6, then 
zx=a, and subtract. ‘Thus 


$(6) + C—[$(4)+C]=$(6)— $@). 


This result, from which the constant of integration has 
disappeared, is known as a definite integral.* It is indi- 
cated by the notation : 

ig f(a) da, 
which is read “the integral from a to 6 of f(x)dz.” The 
number @ is the lower limit, and 6 is the upper limit, of 
the integral. 

Since the constant of integration does not appear in the 
final result, it is unnecessary to add it when finding 
the value of a definite integral. The operations involved 
in evaluating a definite integral as explained above are 
shown by the following notation: 


@ an "fa dx =[4()]2 = ()— $0. 


* In making this definition it is assumed that the function f(«) varies 


continuously from 7 = a tox = 0: 
291 
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2 
Exampue 1. Find the value of js ax? dx. 


2 
Solution. ai ada = | 
=i 


Exampte 2. Find the value of 


: 5 badz 
Solution. 


x 


st -BE Ea 


_¢V27+3 


ae 


5 5adx 
pat V2? + 3 


5 
= 5 (x? + 8)~* ada. 
=2 


5 5 
3f (a? + 8) t2adx 
—2 


= [5 Va? 3). 
= 5V28 —5V7 
={5rV7 (= 18.23. 


PROBLEMS 


Find the value of each of the following definite integrais: — 


ae 

J, V2 
6 

2. f Va — 2 dz. 
2 as 


4 
3. ava? + 9 dx. 
0 


4. (a? + 2) da. 


5 
7 f bade, 
0 


2 ada : 
: 9 (10— 2%)? 


8 — 
9. [ V 25 — 3adxz. 
-J0 + 


10. di ‘(2 — 82) da, 


1 
8a 
Lis} tot oh). 
a x 


2. dt 
yov’ 4 
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18. f aVa? — ada. 22. “dae 
_ Jo fue? 
= a 
14. f (s? — s—*) ds. 23 Va — ydy 
= 8 0 
4 
18. [= oe dee Me, 
PE aie u 
16 8 
16. a(1+Va) da. 25. 4 dt. 
9 2 
11. [ sVIF— Bas 26. bode 
F 0 (e+ (a? + a)? 
4 
18. [ (4 — x)*dax. 6 aVva+ 3dz. 
0 a 
(Se Mane Z dx 
19. | (Va—Va2)'dx. Cotte 2Bs aa 
ofc ) 2 V 2445 
2 5 
20. f 2V1+4+ 2 dz. a9. [ ES. 
0 


a. fa — 4)(2+@) dt. 


1 — 
pin 2 


31. Prove that 1(@) dx = — if #2) da. 
a b 


32. A body moves with the speed v= 4— 6¢. Show that 
the distance moved between the times ¢ = 3 and ¢ = 6 is given 


; 6 
by if (4 —62)dt. 
8 


153. Derivative of an Area. Let the equation of the 
curve LM of the figure be y=f(z). Let BC be an ordi. 
nate at a fixed distance a from the y-axis and let DE be 
an ordinate at a variable distance x from the y-axis. It is 
apparent that the area BCED is a function of 2, which 
will be denoted by 4. We have as yet no expression for 
A as a function of z, but with the aid of the figure we can 
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get the derivative of A with respect to x For this pur- 
pose we carry out the fundamental process for finding a 
derivative; that is, we 
find the limiting value of 
AA 

7 when Az approaches 
zero as a limit. 

Let x take on an in- 
crement Az (DG in the 
figure); then A takes 
on a corresponding in- 
crement AA (the area 
DEKG in the figure), and y takes on an increment Ay 
(HK in the figure). 

Completing the rectangles DEHG and DFKG, we see 
from the figure that 


Fig. 137 


DEHG <AA< DFKG.* 
But DEHG=yAr and DFKG=(y+ Ay)Az; 
hence yAr<AA<(y+Ay) Az. 
Dividing this by Az, we have 
AA 
<=> : 
Same: <y+Ay 


When Az approaches zero as a limit, it is evident that 
y+Ay approaches y as a limit, and hence “4 must also 


approach y as a limit, since its value is always between 
y and y+Ay; that is, 
a AA 
lim=— y= é 
aon Ae Y=F@) 


* If the curve LM were falling instead of rising, the inequality signs 
would be reversed, 
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But, by definition of a derivative, 


fee 
azsoAr dz 
Hence 
dA 
(11) <=f(2). 


In words, the derivative of the area bounded by the curve 
y =f (a), the x-axis, a fixed ordinate, and a variable ordinate 
as equal to f(x). 

If the differential notation is used, Formula II may be 
reduced at once to . 


(IIa) dA = f(x)dx= ydx. 


This may be remembered easily if it is noted that the dif- 
ferential dA =ydz is merely the area of the rectangle DEHG 
in the above figure. This is a close approximation to AA, 
which is the area of DEKG. (Compare § 87.) 

154. Area under a Curve. Having formed the differential 
of the area described in the preceding paragraph, the area 
can be found by integration. 
Suppose it is required to 
find the area PQRS bounded 
by the curve LW, the z-axis, 
the ordinate PQ (z=a), and the 
ordinate SR(z= 6). Let the 
equation of LM be y=f(2), Fic. 138 
and let A, denote the area 
bounded by the curve LW, the z-axis, some fixed ordinate 
-PQ(=a), and any other ordinate. 

In the preceding section we found that | 


dA, =f (x) dz. 
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Hence, by integration, 
4,= [$@)d2=$(@)+ © 


To determine the constant of integration we proceed ex- 
actly as in the previous chapter. Observe that 4,= 0, when 
z=a. Substituting these values, we find that C=— ¢(a), 


and hence A, = >()— $(a). 


The area PQRS is obtained from this expression by 
setting e=6. Hence 


area PORS = (6) — $(a). 
But, by the definition of definite integral, this expression 
is the same as f “#(@) dx. Thus, if we denote the area PQORS 
by A, we may write 


qi asf "f(x)ax = f "ydx. 


In words this may be stated thus: The area bounded by 
the curve y=f(x), the z-axis, and the ordinates x=a and 
x=b is given by the definite in- 
tegral from a to b of f(x)dz. 

The area discussed in this 
and the previous section is fre- 
quently referred to as “the area 
under the curve y= f(2).” 

By an argument similar to 
the preceding we may estab- 
lish the following statement: 

The area bounded by the curve x= f(y), the y-axis, and 
the lines y= a and y=6 is given by 


ih t@) dy. 


Fig. 139 
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Examp te 1. Find the area bounded by the line y = a, the 
x-axis, and the ordinates «= 2 
and 2 = 4. 


Solution. The. required area is 
given by 


4 274 
if eae=|F]=8-2=6. 
2 2 Je 


Hence the area is 6 square units. 
This result may be verified by 
geometry, since PQRS is a trape- 
zoid in which one base is PQ = 2, the other base is RS = 4, 
and the altitude is PS = 2. Hence the area is }(2+4)x2=6. 


Exampte 2. Find the entire area bounded by the curve 
whose equation is y* = a?(4 — 2), 


Fia. 140 


Solution. Since the curve has 
symmetry with respect to both 
axes, it will be sufficient to find 
the area of the portion in the first 
quadrant and multiply this result 
by 4. To get the limits of integra- 
tion, find the z-intercepts. These 
are 0 and 2. 

Hence we have, by Formula ITI, 


A <8 
—= | ydz 
4 0 


; 2: 
=/ x V4 — x?dax. 
0 


Integrating this, we find 
ca || al ¢ ee if 
4s |: 3 C ie n) 
Bax * ghoul: =0+ §=§. 
Therefore A = 32 = 10.67. 
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PROBLEMS 


In each of the following problems the result should be 
checked approximately by drawing the given curve carefully 
on codrdinate paper and counting the number of squares in 
the required area. 

1. Find the area bounded by the given curve, the x-axis, and 
the given ordinates : 

; a 10 
a y= gO, oo = 4. a ce mre Sr cy a 


4 
QRy=e+ a eH tame 


bBf=2a; 2 = 2, a= 8. 
a y=Ie-—aes e2=0,0=38. 
a. yS=B8x—a7; 2H 2 2=6. aay le 

eayimtA ohm Olead alin” sade an 


i. y?=16— 52; e=—3,c2=0. 
Jj. cype= 125.2 = 1, z= 64, 

k. @y +o? +9= 0; 2 = 3,2 = 12: 
LyY=ei+4e; c=—4,2=0. 


0, c's, 


2. Find the area bounded by the given curve, the y-axis, and 
the given lines: 


x 
ax2+y=10;¥y=2,y=8. ey=qiyHly=4 
b y= 2a; y=l1y=s. da. Y=a«;y=l1y=2. 


3. Find the area bounded by the following curves and the 
X-axis : 


a.y=4— 2". dey =a—NVsz. 
by =8+4+2a— 2% e. 4y = 2*— 82%. 
ec y=x— 2 Sf. x? =(y + 4)% 


4. Find the area bounded by the parabola y?= 4a and the 
straight line y = a, 


5. Find the area bounded by the two pegs ys = 82 
and a2?= 8y. 
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6. Find the area in the first quadrant bounded by the curve 
whose equation is y=2* and by the line whose equation is 
Y= 2 x. 

7. Find the area bounded by the parabola whose equation is 
Va +~Vy = Va and by the a-axis and y-axis. 

8. Find the area bounded by the parabola whose equation 
is y? = 2px and by the chord through the focus perpendicular 
to the axis of the parabola. 

9. Find the area bounded by the parabola whose equation 
is x? = 2 py and by the chord through the focus perpendicular 
to the axis of the parabola. 

10. Show that the area of any segment of a parabola cut 
off by a chord perpendicular to the axis of the parabola is two 
thirds of the circumscribing rectangle... 

11. Find the area of the segment of the parabola whose 
equation is y=6+2— 2? cut off by the chord joining the 
points (— 1, 4) and (38, 0). 

12. Find in two ways the area bounded by the curve whose 
equation is y7= 8 — 4x and the y-axis. 

13. The velocity of a moving point is given by the formula 
v= 8t—-ét. By determining the constant of integration, as 
in the previous chapter, show that the distance moved from 
time ¢ = 2 to ¢ = 8 is given by the definite integral 


fe t—-v¢)dt, 


and evaluate the integral. 
14. Generalize Problem 13 by showing that if the velocity 


b 
is v = (2), the distance moved from t=a tot=6 is ah vdt. 
What area is equal to this distance? a 


155. Change of Limits in Integration by Substitution. 
‘In Chapter IX, § 145, we learned that certain expressions 
which cannot be integrated by the power formula can be 
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integrated by making’a substitution of the type Vatbr=v, 


For example, to find ;: aV9 — xdx we substitute V9 —r=2, 
obtaining 


fre —ade= { 20-18 v) dv 
=2v°—6v°+C 
309 —x)i-6Q9-—a)t+0, 
If the definite integral f 2V9D Bde is required, the work 


0 
is shortened by changing the limits for 2 when substitut- 
ing V9 — x= to the corresponding limits for v. Thus, when 
2=0,v=V9—0=8; when z=5, v=v9—5=2 


Hence [2Noade= [Qo — 18%) do 
0 3 
=[3" — 60°]; 
= [4 — 48] — [498 — 162] 


—nli4 8 
= 148, 


This method enables us to avoid the troublesome sub- 
stitution in terms of the original variable, and should always 
be employed. 

PROBLEMS 


1. Evaluate the following definite integrals : 


a 8 
a. [ 2Va—ade d. [ 2@ = abae. 
a : 4 
* ooo 
f Ve+i1 é. div V1 — xdz. 
{ oda : @ gdx 
2 Ve +2 ; of Ve+a 


2. Find ae area inclosed by the loop of the curve whose 
equation is 44? = a?(4 — 2). 
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3. Find the area bounded by the curve whose equation is 
y? = a" (@? — 1) and by the line whose equation is x = 2. 

4. Find the area inclosed by the loop of the curve whose 
equation is y* = «(9 — 2). 

5. Find the area bounded by the curve whose equation is 
y? = a — x and by the line whose equation is x = 2. 

6. Find the area inclosed by the loop of the curve whose 
equation is 7° = x(a — 2) 

7. Find the area inclosed by the loop of the curve whose 
equation is 44? = 2*(4 — 2). 

8. Write the integral giving the area bounded by the curve 
whose equation is ay = 12 and by the lines whose equations 
are «=1landx=5. Can you evaluate this integral ? 


CHAPTER XII 
THE DEFINITE INTEGRAL AS THE LIMIT OF A SUM 


156. Introduction. In previous chapters an indefinite in- 
tegral has been obtained by inverting the process of dif- 
ferentiation, and a definite integral has been defined as the 
difference between the two values of an indefinite integral 
corresponding to two values of the independent variable. © 
It has been shown also that the area under a curve is 
given by a definite integral, from which it follows that 
any definite integral can be represented geometrically by 
the area under a curve. 

In the historical development of the calculus a definite 
integral was first defined, from its geometrical representa- 
tion, as the limiting value of a sum of terms of a certain 
form. The statement of this definition will be given below 
as a theorem. This theorem is very important for two 
reasons. In the first place, it enables us to make applica- 
tion of the integral calculus to many of the most impor- 
tant physical problems. The nature of these applications 
will be shown in the next chapter. In the second place, 
this theorem will enable us to use methods of approxima- 
tion for calculating the value of a definite integral when 
the corresponding indefinite integral cannot be found. Two 
of these formulas for approximation will be given in the 
sections immediately following the theorem. 

157. A Numerical Example. In order to get a clear 
understanding of the reasoning which leads to the theorem 
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couverning a definite integral as the limiting value of a sum 
of terms, let us consider first a simple numerical example. 
Suppose that it is required to find the area bounded by the 
curve 10 y= 36 —2*, the z-axis, and the ordinates x=1 
and a= 5; that is, the area ABCD of the figure below. The 
result is known by the method of the preceding chapter to be 
536 — a? 1 xv |® 154 
f a = 798825] = 45 = 10.267. 

On the other hand, if the area ABCD can be calcu- 
lated in any way whatever, the result will be the value 
of the definite integral y. 

D 


*36—7 
18 a dz. Thus the 


theorem of § 154 enables 
us to do two things: (1) to 
find the area under the 
curve y= f(«) by means 
of the. definite integral 


6 ’ 
[ f@x: (2) to find Fig. 142 : 
an} > Pa 

the value of a definite integral Wi f(x) dx by finding the 


value of the area under the curve Y=T(2) 
A rough approximation to the required result may be 
found as follows: Let the segment AB be divided into a 


*It may help to a realization of the importance of this statement and 
: a y 
what follows if we consider the integral f Va*— a*dx. So far we have 
0 


no formula for evaluating this. But by §154it is equal to the area bounded 
by the curve y = Va?— z2, the z-axis, and the ordinatesx = 0 anda = a. 
If we simplify the equation of the curve, we obtain 2? + y? = a?. Hence 
the geometrical representation of the given definite integral is that part 
of the circle ot + y? = @ which lies jin the first quadrant. Its value, 


therefore, is - : 


304 INTRODUCTION TO THE CALCULUS 


certain number, say 4, of equal parts. The abscissas of the 
points of division will be z,=1, z,= 2,2,= 3, ¢,= 4, 4,= 9. 
At each point of division let ordinates to the curve be 
drawn, and with these ordinates as sides let rectangles be 
constructed as shown in the figure. Such a set of rectangles 
will be called an inscribed set..The sum of the areas of 
these rectangles will be an approximation to the area under 
the curve. The areas of the rectangles can be calculated. 
The base of each rectangle is 1; the altitudes, calculated 
from the equation of the curve, are as follows: 


0.1(86 —4) = 3.2. 0,1(36 — 16) = 2.0. 
0.1(86 — 9) = 2.7, 0.1(36 — 25) =1.1. 


The sum of the areas of the four rectangles is 9.0. 

A better approximation to the area ABCD would be 
obtained by increasing the number of parts into which the 
segment AB is divided. Suppose that 4B is divided into 
eight equal parts-and rectangles inscribed as before. The 
base of each rectangle is 0.5; the altitudes are as follows: 


0.1(36 — 2.25) = 38.375. 0.1(86 —12.25) = 2.375. 


0.1 (36 — 4) = 8.200. 0.1 (36 —16) = 2.000. 
0.1(36 —6.25)=2.975.  0.1(386 — 20.25) = 1.575. 
0.1 (36 — 9) = 2.700. 0.1 (36 —25) = 1.100. 


The sum of the areas of the eight rectangles is 9.650. 

If we continue to increase the number of parts into which 
AB is divided, it is apparent intuitively that the sum of 
the areas of the inscribed rectangles will approach the area 
ABCD as a limit. The notation used to express this oper- 
ation is the following: The interval AB is divided intc n 
equal parts, the length of each part being denoted by Az. 
The points of division are numbered 0, 1, 2,---, , the 
abscissas of these points being x, (=1), 2, 2,,++-+, 2, (= 5). 
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The altitude of the first rectangle is 0.1(36 — 22), that of 
the second is 0.1(86 —z}),--., and that of the nth is 
0.1(386 —a?). The sum of the areas is 


0.1 (86 — af) Ax+ 0.1 (86 — a3) Ar+--- + 0.1 (86 — 2?) Az. 


The usual notation for such a sum of terms is 


> 0.1 (36 — 22) Az, 
is 


read “the sum, from i7=1 to i=n, of 0.1(36 — 2?) Az.” 
Since the area under the curve is given by the definite 
integral, it is apparent intuitively that 


5 
lim >)0.1(86 — 2?) Ar = i 0.1 (86 — x) Az. 
no j=1 1 

158. The General Case. Suppose that y=f(xv) is any 
function which is continuous in the interval from z= a to 
xz = 6, which means that in this interval the graph of the 
function will have no breaks in it. In order to simplify 
the argument we will suppose also that f(#) decreases con- 
stantly when z increases from a to b. The reasoning is the 
same if f(x) increases constantly in the interval, the only 
difference being that, with the notation employed, the 
rectangles are circumscribed instead of inscribed. If f(x) 
sometimes increases and sometimes decreases, the interval 
can be divided into smaller intervals within which f() 
either increases or decreases constantly, and the reasoning 
can be applied to each of the smaller intervals separately. 

Let us now consider the problem of finding the definite 


b 
_ integral of Jt (x)dxz; that is, the area bounded by the curve 


y =f (x), the z-axis, and the ordinates =a andaw=6. A 
rough approximation to the required result may be found 


306 INTRODUCTION TO THE CALCULUS 


as follows: Let the segment 4B of the z-axis be divided into 
n equal parts and let the points of division, beginning with 4, 
be numbered 0, 1, 2,.--, . The abscissas of the points of 
division will be denoted by 
@(=@), Ly Uy °++%,(=6). 
At each point of division 
let ordinates to the curve 
y =f (a) be drawn, and with 
these ordinates as sides let 
rectangles be inscribed as 
shown in the figure. The 
sum of the areas of these Fie. 143 

rectangles will be an ap- 

proximation to the area under the curve. The areas of 
the rectangles can be calculated. For if Az denotes the 
base of each rectangle, we have 


h—@ 
n 


Azv= 


The altitude of the first rectangle is f(w,); of the second, 
J (@,); ete. Hence the sum of the areas of the n rectangles is 


D Fede = f(a) A+ fe) det + f(a) Ae 


As n is increased indefinitely it is apparent intuitively 
that the sum of the areas of the inscribed rectangles ap- 
proaches the area under the curve as a limit. Hence 


b n 
if f(@) de = lim D> f(a) de. 
a <P) ga] 
The preceding construction may be generalized in two 


ways: (1) It is not necessary that the interval AB be 
divided into equal parts. (2) It is not necessary that the 
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altitudes of the rectangles should be equal to the ordinates 
at the points of division. This more general construction 
is made as follows: Let the segment AB be divided into 
m parts which are not necessarily equal. Let the length of 
the first part be Az,, of the second Az,, etc. Let x, be the 
abscissa of any point in the first part, x, the abscissa of 
any point in the second part, etc. With the ordinates at 
2, @,, etc. as altitudes, con- 
struct rectangles as shown 
in the figure. Then the 
sum of the areas of these 
rectangles will be 


n 


YP @ Aa 
If the length of each of wie. T42 

the n parts into which AB is 

divided is made to approach zero when n increases without 

limit, the sum of the areas of the rectangles will approach 

the area under the curve as a limit. Consequently we 

shall have, as before, 


“ ‘F(@) de = lim Sf @) An, 


159. The Fundamental Theorem. The last result of the 
preceding section has been established by using the geo- 
metrical interpretation of a definite integral. Every definite 
integral can be expressed geometrically as the area under a 
curve by simply plotting the curve y=f(#), where f(z) 
is the integrand. But in most applications the primary 
meaning of the definite integral is something quite different 
from an area, and it is convenient to state the result proved 
in the previous section as a theorem in analysis without 


308 INTRODUCTION TO THE CALCULUS 


reference to its possible geometric representation. This 
statement is so important that it is usually referred to as 
the “ Fundamental Theorem of the Integral Calculus.” 


THE FUNDAMENTAL THEOREM 


Let f(x) be a continuous function in the interval from x = a 
tox=6. 

Let this interval be divided into n subintervals Ax, Az,, 

aj Sry Az,. 


Let x, be any value of x in the subinterval Az,. 
Then the limiting value of the sum 


Di@Ar 


when n increases without limit and each subinterval approaches 
zero as a limit, is equal to the value of the definite integral 


if $@) dz. 


The conclusion of the above theorem may be expressed 
in symbols as follows: 


lim Se) Ax = f f(x) de. 


Ax-0 i=1 


The use of this theorem in applications will be illus- 
trated in the next chapter. We shall now give two-rules 
for calculating approximately the numerical value of a 
definite integral. 

160. The Trapezoidal Rule. This rule is derived by ap- 
proximating the area under a curve by means of trape- 
zoids. The interval b—a is divided into m parts, each of 
length Az, and ordinates are constructed as before. The ex- 
tremities of consecutive ordinates are then joined by straight 
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lines forming trapezoids. The abscissas of the points of 
division are x, (= @), 2,,%,,+++,2,(=6). The corresponding 
values of f(x) are y=f(x,), W=S(%); Ys =F (4), +++ 
| es ni (x,)- The y 

areas of the trape- 
zoids are given 
by the following 
expressions: 


0.5(y)+ y,) Az, 
0.5 (4¥i+ Yo) Az, 
0.5 (y+ y,) Az, 


0.5 (Y, 1+ Y,) Ae Fic. 145 

The sum of the areas of the n trapezoids, which is obvi- 

ously an approximation to the area under the curve, will be 
(0.5 Yo+Y:+ Yet +++ +Yn-1+ 9.5 y,) Az. 


The method of procedure is formulated into a working 
rule as follows: ‘ 
To evaluate approximately the integral J= ” S@)az 


the interval 6 — a is divided into n parts, each being equal 
to Az. The abscissas of the points of division are x,(= @), 
, Z,,+++,%,(=6). The corresponding values of f(x) are 
Y =f(%,)s Y, =f(2,), A! =f(a,)- Then 

(T) 1=(0.5y,+y,+¥,+---+Ynp_1t+0-5y,) Ax. 

Fxercise. Sketch the above figure and show that the trape- 
zoids are equivalent to a certain set of rectangles; hence that the 
sum used in the trapezoidal rule is equal to a sum of the type 


> F(a) Ax; 
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Exampte. Using n = 4, compute the approximate value of 
> 


2 
[ve + adm. 
0 


Solution. The table of 
values for x and y is first 
computed : 


£,=0.0; y= V4+0 
= 2.000. 
x, = 0.5; y,= V4+0.125 
= 2.031. 
m= 1.0; y= V4+1 
= 2.236. 
%,=1.5; Y,= V 443.375 
= 2.716. 
1,=2.0;y,= V4+8 
= 3.464. 


Applying Formula T, Fig. 146 
I =(1.000 + 2.031 + 2.236 + 2.716 + 1.732) x 0.5 = 4.858. 
(If we take n = 10, we obtain the more accurate value 4.826.) 
PROBLEMS 
1. A point moves with speed v= 80— 47. Show that the 
distance moved from ¢ = 2 tot = 8 is given by He (80 —4 t) dt. 


Draw the graph of v = 80 — 4¢, and calculate the value of the 
definite integral by finding the area under the graph. 


2. Approximate the value of for segs by plotting y = : on 


a large scale and finding the area zd the curve (a) by sete 
ing squares, (6) by inscribing rectangles as in § 157, (¢) by 
constructing rectangles as in the second figure of § 158. 
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Mpvactr hie ; : 
7 Vie pa by constructing 
a graph and estimating the area under it. 


3. Approximate the value of 


4. Compute the approximate values of the following inte- 
grals by the trapezoidal rule, using the values of n indicated: 


6 = 5 Ba a 
a. yi V10 + wdax, n= 3. d. [vB — x dx, n=bd. 
0 0 


4 dx 10 
b. npr eed IY fe 4, , . — =n 
lS e sf Va? — 16dz, n= 3 
2 10 
C 15 V10 — x'dz, n= 4. f.. | V25+0.012'dx, n=5. 
0 


0 
5. Compute the approximate values of the following integrals 
by the trapezoidal rule, using the values of indicated. Check 
your results by performing the integrations. 
* a'dx 


SE heric th 
a. [ 2V9— das, n= 6. b. a re 


161. Simpson’s (Parabolic) Rule. For this rule it is nec- 
essary that n, the number of parts into which the interval 
6b—a is divided, 
shall be’ an’ even 
number. After the 
ordinates have been 
constructed as be- 
fore, they are ar- 
ranged in groups 
of three, the’ first 
group being ¥,. Yy 
Y» the second y,, 
YyY,etc. Through Fre. 147 
the extremities of 
the first group is passed an arc of a parabola having its 
axis parallel to the y-axis. The area under this parabola 
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between 2, and a, is given by the formula (the proof of 
which is omitted) my 


Zz Yor £4 + 4-)-" 


Similarly, if a parabola is passed through the extremities 
of the next group of three ordinates, the area between 2, 
and 2, is Ag 
a Yat 4y+y,): 


The area under the parabola passed through the extremi- 
ties of the last group of ordinates is 


Ax 
ge Ya-a + Sy yy): 


By addition, the sum of the areas of the strips, which form 
an approximation to the area under the original curve, is 


A 
Jz Ytsyt2y +4 y+ LY +++ ++ 4p. + In)» 


The method of procedure is formulated into a working 
rule as follows: 


To evaluate approximately the integral J= fi f(x) da, 


the interval 6—a is divided into n (an even number of) 
parts, each being equal to Aw. The abscissas of the points of 
division are #, (= @), %,%,, +++, %,(=6). The corresponding 


values of f(x) are y= f(2%)s Yy=S(@y)» ++ 15 Y= (@,)» Then 
(S) T=(Y+4y,+2y+4y,+2y,+ ++ +4 Uyst Wy) 


*The proof of this formula is simple, although the algebraic work is 
tedious. The equation of a parabola with its axis parallel to the y-axis 
is y=a+br+ca®, Let a=h, 4, =h+ Aa, and # =h+2Ae, The 
area beneath the parabola between the ordinates @ = h and «= h + 2 Aw 
can be found by integration, Calculating the values of y, y,, and y, in 
terms of i and Ag, and substituting in the formula in the text, we find 
the same result as by the ihe 
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Exampie. Using n = 4, compute the approximate value of 


2 
ik V4 + a? dx. 
0 


Solution. The table of values has been computed in § 160. 
Applying the formula S, 


I=(2.000 + 8.124 + 4.472 + 10.864 + 3.464) “2 = 4.821. 


PROBLEMS 


1. Compute the approximate values of the following integrals 
by Simpson’s rule, using the value of m indicated : 


4 2 
af V10 + a?dx, n= 4. ef V9 + a'dx,n= 4. 
0 0 
aw ee 10 
of V100 — xdzx, n =A. a. f V xv’ — 16 dz, n = 6. 
0 4 


2. In the following problems compute the approximate values 
of the integrals by both the trapezoidal and Simpson’s rules. 
If the indefinite integral can be found, calculate also the exact 
value of the integral. 


76 6 
a. V 36 — a’ dx, n = 6. af eV 36 — xvdx, n= 6. 
0 0 


F: 5 
vf Oe aig &, e. ee 
tea eg 
4 8 dae y 
. _ 2) es. if ‘ Ses 1 = 
ef (16 — ada, n = 8 ti aa 
8 -adx 
n=4 
» Vai 1 


3. A field is bounded by two parallel straight lines and two 
irregular curves. The length between the straight sides is 
50rd. Starting at one end, the width parallel to the straight 
- gides is measured at 5-rod intervals with the results 35, 37, 
35, 32, 30, 31, 30, 28, 25, 21,and 12rd. Find the area in acres 
by Simpson’s rule. (1 acre = 160 sq. rd.) 


CHAPTER XIII 
APPLICATIONS OF THE FUNDAMENTAL THEOREM 


162. Introduction. The Fundamental Theorem of the In- 
tegral Calculus states that, under proper conditions, the lim- 
iting value of a sum of terms, each of the form f(a;)Az,, 
as the number of terms is increased indefinitely, is equal 
to the definite integral, between proper limits, of f(#)dz. 
The present chapter is devoted to some of the many appli- 
cations of this theorem. The solution of each problem 
consists of two distinct steps: (1) setting up the integral, 
which means the determination of the function f(x) and 
of the limits of integration; (2) the evaluation of the 
integral. 

Whenever possible, a definite integral should be evaluated 
by finding the indefinite integral and substituting the limits. 
When the indefinite integral cannot be found by the for- 
mulas which are available, the value of the definite integral 
may be approximated by the trapezoidal and Simpson’s rules. 

163. Plane Areas. It has already been shown that the 
area bounded by the curve y=/f(a), the z-axis, and the 
ordinates =a and x= 6 is given by the definite integral 


6 
f t(~)dz. For more general cases, in which the required 


area is not bounded by a coérdinate axis and by straight 
lines perpendicular to this axis, it is usually convenient to 
make use of the Fundamental Theorem as illustrated in 
the following examples. In all such problems a correct 
figure is absolutely necessary. 

314 
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Exampte 1. Find the area bounded by the parabola y? = 2” 
and the straight line 2y = z. 

First Solution. The curves intersect at the origin and at (8, 4). 
The area to be found is shown in the figure. An approximate 
value of the area may be obtained by dividing it into n narrow 
strips, by lines parallel to the y-axis, and then replacing each strip 
by a rectangle. The figure represents an enlargement of strip 
number 7, of width Az;. The area of this strip is approximated 
by that of a rectangle having the same width Ag, and a length 
equal to the difference between the ordinate of the parabola 
and that of the straight line at some point x; within the interval. 
At this point the ordinate of the parabola is V2z,, and the 
ordinate of the straight 


line is ae Hence the 


length of the rectangle 
is V22,— =e and the 
area of the rectangle is 


(v 22;,— Fast 


Now the important 
point is that this for- 
mula applies to every 
strip into which the required area has been divided; for the 
lower end of every strip is on the straight line, and the upper 
end is on the parabola. Hence an approximate value of the 


area will be n : 
>( V 2 a 3) ac 
S51 
and, by the Fundamental Theorem, 2) exact value will be 


a= [ (Vie 2 —2)de, 


the limits being assigned to include all the strips. Integrating, 
64 64 16 


Fig. 148 


316 INTRODUCTION TO THE CALCULUS 


- The detailed reasoning given in the solution above must 
be clearly understood in order to avoid mistakes. But not 
all the details need be reproduced in every solution, The 
area of one of the small rectangles is called an element of 
area and is denoted by dA. In writing this element of area we 
may omit the subscript 7 and replace Az, by the differential 
dz, which gives at once the expression to be integrated. The 
essential details will be illustrated by a second solution. 


Second Solution. Let the area be divided into strips by lines 
parallel to the z-axis. One of these strips is shown in the figure. 
Every such strip will have its 
left-hand end on the parabola 
and its. right-hand end on the 
straight line. The width of a (22,4), 
strip is dy, and its length is 
x,—x,, where @, is the abscissa of 
a point on the line (since this is 
the larger one) and a, is the ab- 
scissa of a point on the parabola. 
Hence the element of area is 


2 


by substitution from the equations of the curves. When all the 
strips are included, y varies from 0 to 4. Hence 


+= r-Dr-[p- HB 


The result may be checked by drawing the figure on squared 
paper and counting the squares within the area. 


dA= (x, — X,) dy= (2 ye rv dy, Fia. 149 


It has appeared in the preceding example that the ele- 
mentary strips may be taken parallel either to the z-axis 
or the y-axis. This freedom of choice does not exist in all 
problems, as shown in the next example. 
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When the strips are taken parallel to the y-axis, the 
element of area is expressed in terms of x and dz. In this 
case it is said that we integrate with respect to x When 
the strips are taken parallel to the z-axis, we integrate with 
respect to y. ‘The elements of area are respectively equal to 


dA = (y, — y,)dx 
and dA = (x, — x,) dy. 


EXAMPLE 2. Find the area bounded by the parabola y? = 2x 
and the straight line x — y= 4. 


Solution. The curves intersect at.(2, — 2) and (8, 4). 

If the area is divided into strips parallel to the z-axis, 
every strip will have its left-hand end on the parabola and 
its right-hand end on the p 
straight line. It is possible 
then to write one formula 
which will give the area of 
every strip, and thus to apply 
the Fundamental Theorem. 

if the area is divided into 6 
strips parallel to the y-axis, 
the strips between «= 0 and 
x = 2 will extend from the 
lower to the upper branch 
of the parabola, while those 
Be eteegeandies0uril F sccs be 
extend from the straight line to the parabola. In this case 
it is not possible to write one formula which will give the 
area of every strip, and the area cannot be expressed by a 
single integral. 

in order to express the area by a single integral, it is neces- 
sary to integrate with respect to y. The element of area is 


dA = (x, — m,) dy, 
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where «, is the abscissa of a point on the line and where 2, 
is the abscissa of a point on the curve. Substitution from the 
equations of the line and the curve gives 


When all the strips are included, y varies from — 2 to 4. 
Hence ee 
deal of (y+4—%) ay = E +4y—2| 
6 |-2 
=(8 +16 — 32)—(2 — 8 + $)= 18. 


PROBLEMS 


1. Find the areas bounded by the following curves. In each 
case draw the figure, showing the element of area. 


ayaa, y= La, fn Y = — OX, Of = ee 

by =6a— 2, y= =a. g. y=x,2xe—y+3=0. 
ges Ay —y", yao. h. y=2?—22—3, y=6 x—27—3. 
ad. y=4a—e y=2e—3. tw Y=4a,e=124+2y—-y'. 
eya4a,2e—y=4. \jyo=r?—ny=ae—2 


2. Find the area included between the two parabolas y7=2 px 
and a? = 2 py. 

3. Find the area included between the two parabolas y? = ax 
and a? = by. 

4. Find the entire area of the curve y*? = 9 a? — a+. 


5. Find the area bounded by the curve Va + Vy = Va and 
the codrdinate axes. : 

6. Find the area bounded by the curve whose equation 
is y = 6 — 2 and the line whose equation is y =— 3. 

7. Find the area bounded by the curve whose equation is 
y = 6+ 4a — a’ and the chord joining (—2, — 6) and (4, 6). 

8. Find the area bounded by the curve whose equation is 
y' =a and the chord joining (— 1, 1) and (8, 4). 
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9. Find the area bounded by the curves whose equations 
arey® =a, y=2,and 2y=a. 

10. Find the area under the hyperbola ay = 24 from a = 4 
to x = 8 (use Simpson’s rule, taking n = 8). 

11. Write the integral giving the area of a segment of a 
circle of radius 10 cut off by a chord distant 6 from the center. 
Approximate the integral by Simpson’s rule, taking n = 4. 

12. Find the area bounded by the curve whose equation is 

= «(1 + Vx) and the line whose equation is x = 4. 

13. Find the entire area of the loop of the curve whose equa- 
tion is y? = 427 — 2°, 

14. Find the area bounded by the curve whose equation is 
x*y = x —1 and the lines whose equations are y=1, x= 1, 
and «= 4. 

15. Find the area bounded by the curve whose equation is 
y = «a — 9a? + 24a —7, the y-axis, and the line whose equa- 
tion is y = 29. 

16. Find the area of a circle of radius 6 by dividing it into 
elements of area which are concentric rings of width Ar. 

17. Plot on the same codrdinate axes the circle whose equation 
is a? + y? = a7 and the ellipse whose equation is 67x? + a*y*?= a7b*. 
Set up the integrals giving the areas within the curves and, 
without integrating, show that the area of the ellipse is times 
the area of the circle, and therefore is mab. 


164. Length of a Curve. Let 4B be a curve whose equa- 
tion in rectangular codrdinates is y= f(x). Let the inter- 
val 6 —a be divided into m parts and let ordinates to the 
curve be erected at each point of division. When the 
extremities of these ordinates are joined by straight lines, 
we have a system of chords forming a broken line whose 
length may be utilized to approximate the length of the 
curve. Moreover, when the number of points of division 
is increased indefinitely in such a way that the length of 
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each chord approaches zero as a limit, the length of the 
broken line approaches the length of the curve 4B as a limit. 

Let s denote the 
length of AB, and 
let As, denote the 
length of one of 
the chords. Then 
the length of the 


broken line is > As,, 
and 


s = lim > Ae (1) 


Au 0 t= 


In order to apply Fig. 151 


the Fundamental Theorem to this, we must express As, in 
the form f(x;) Az, We do this in the following manner: 

Each chord As, is the hypotenuse of a right triangle, 
the sides ‘of which are, in the increment notation of the 
differential calculus, Av, and Ay,. 
Hence 


eras V Az, + Ay;’. 


If we factor out Az,, this becomes 


ral P Az: 
1 ‘VA 2 v5 
+5 2; ME Fig. 152 


The quotient a + is the slope of the chord PQ. It is 


apparent from the figure that there is a point (ty) ¥) on 
the arc PQ at which the tangent to the curve is parallel to 
the chord PQ. Hence, if (32) denotes the value of the 


uy 
derivative for z= -z,, we have 


AY, _ = (#) 
oY aa Ct 
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Thus equation (2) becomes 


Moni ee ® 


This is of the form f(2,) Az,. 
When As,—> 0, Az,;—> 0 also. Hence the substitution of 
(8) in (1) gives 
s=lim >] (3) 
= tos 1)'6 ro 
T= x4 


s 
ae fey da 
Ax;>0 


Applying the Fundamental Theorem, we obtain the 
following formula: 


Den fN(e 


Another form for the integral may be obtained by divid- 
ing the interval d—ce on the y-axis into n parts and factoring 
Ay, out of the radical in equation (2). The result is 


(11) = ali ‘t+ (F) aw. 


An easy way of remembering both forms is to regard 
the element of are ds as a chord which is the hypotenuse 
of a small right triangle whose sides are dv and dy. Then 


= Vax) + (ayy 
Factoring out dz, we obtain Formula I; factoring out dy, 
we obtain Formula II. Ben )) etaiony 
Exampre. Find the length of the curve 97 = 4(1 + 2) 
s trom the point where « = 0 to the point where x = 3. 
Solution. From the equation of the curve, 


y =3(1+a0%)h. 
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Differentiating, 
ge 2a V1+ 2% 
dx 


Using Formula I, 


8 2 x 8 
Hence e=f (+ 20de=[2 +2] = 21. 
0 


Gross errors may usually be detected by comparing the 
result with the length of the chord joining the end points of 
the curve. In this problem the end points are (0, 0. RA and 
(3, 21.1); hence the length of the chord is 20.6. 


PROBLEMS 


1. Find the length of the curve whose equation is y?= 2° 
from the point where x = 0 to the point where x = 5. 

2. Calculate the length of the curve whose equation is 
9y2=(2+-2%)* from the point where =0 to the point 
where x = 2. 

3. Find the length of the curve whose equation is y* = aa? 
between the points (0, 0) and (a, a). 

4. Find the length of that part of the curve whose equation 
is (y — 8)?= «* which is intercepted between the codrdinate 
axes. : 

5. Find the entire length of the hypocycloid whose vi baa 
is at + yt= = a’, 

6. Find the length of the curve whose equation is ya oe 
between the points (0, 0) and (8, 4). 


7. Find the length of the curve whose equation is y= = gage x 
from the point where x =1 to the point where x = 3. i 
8. Find by integration the length of the straight line whose 


equation is y= mx +6 between the points (0, 6) and (a, y). 
Check your result by geometry. 


™~ 
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In the following problems the indefinite integrals cannot be 
found by the rules previously given. The values of the definite 
integrals must be approximated. 

9. Approximate the length of the parabola whose equation 
is y = x’ between (0, 0) and (2,4). Use Formula I for ds, and 
evaluate the integral by Simpson’s rule, taking n = 4. 

10. Approximate the length of the parabola whose equation 
is y= 2a between (0, 0) and (8, 4). Use Formula II for ds, 
and evaluate the integral by Simpson’s rule, taking n = 4. 

11. Approximate the length of the curve whose equation is 
y = x* between (0, 0) and (2, 8). Use FormulaI for ds, and 
evaluate the integral by Simpson’s rule, taking n = 4. 

12. Approximate the length of the hyperbola whose equation 
is x*— y? = 9 from (3, 0) to (5, 4). Use Formula II for ds, and 
evaluate the integral by the trapezoidal rule, taking n = 4. 

13. Approximate the length of the arch of the parabola whose 
equation is y = 4a — 2 which lies above the z-axis. 


165. Volumes of Solids of Revolution. A solid of revo- 
lution is a solid having an axis of symmetry such that 
every section of the solid made by a plane perpendicular 
to this axis is a circle with its center on the axis. When 
a plane area is revolved about an axis in its plane, it is 
said to generate a solid of revolution. For example, a right 
circular cone is generated by revolving aright triangle about 
one of its legs, and a sphere is generated by revolving a 
semicircular area about its diameter. 

Let the area bounded by the curve y =f (2), the z-axis, and 
the ordinates z =a and x=6 be revolved about the z-axis, 
forming a solid of revolution. To find the volume of such 
a solid we proceed as in § 163. Let the segment 6—a of 
' the a-axis be divided into n parts, and let planes perpendic- 
ular to the z-axis be passed through each point of division. 
These section planes divide the solid into m circular plates. 
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The volume of any one of these circular plates will be 
approximately equal to that of a cylinder having the same 
thickness Az and a radius, 
r, equal to the radius of 
the plate at some point 
within the corresponding 
subinterval Az.* The cyl- 
inder would be generated 
by the revolution of a 
rectangle, as shown in 
Fig. 154. The volume of 
such a eylinder is w7*Az. 
An approximation to the 
volume of the solid is 
then given by the sum of the volumes of the small cylinders; 
that is, by > 77" Az, the summation extending over all the 
subintervals Az of the interval b—a. 

In the present problem the radius 
r is equal to an ordinate to the 
curve y=/(2); that is, r= y=f(2). 
Hence, by the Fundamental Theo- 
rem, the exact volume of the solid 
is given by 


lim Sa F(x) PAe= +B ee F(x))]?de. 


This formula is valid only for 
the particular type of problem de- 
scribed; that is, when the area 
under the curve y=f(2) is re- He 4 

volved about the z-axis. The general method can be 
applied to any case of a solid of revolution, and should 


“In this and the following applications the subscripts hitherto used 
will be omitted for the sake of simplifying the notation. 


Fic. 153 
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always be used without attempting to memorize formulas. 
The essential steps in the general method are the following: 

I. Draw the figure showing an element of volume, a right 
cylinder. Denote the thickness of the element by dz if the 
axis of revolution is parallel to the z-axis (and by dy if the 
axis of revolution is parallel to the y-axis). 
II. Let r denote the radius of the element of volume. 

With the aid of the figure express r in terms of x (or y) 
from the equation of the given curve. 

III. Form the element of volume 

dV=ar'dx (or mr’dy). 

IV. Determine the limits-of integration from the figure. 

The following examples illustrate the application of the 
general method to the different types of problems. These 
examples are based on the accom- 
panying figure, in which the equa- 
tion of the curve OA is y°= 22. 
The letters z and y as used in 
the problems below always repre- 
sent the codrdinates of a point on 
the curve OA. 


_A(8,4) 


Examp.e 1. Find the volume 
generated by revolving the area 
OAB about the «x-axis. 

Solution. An element of volume 
is shown in the figure. The thick- 
ness is dx, and the radius is an 
ordinate of the curve. 

Hence r=y= V2a 
and dV = wride = 7 2axdz. Fig. 156 


8 
v= {. 2 rade = 1[x"}' = 647 = 201.1. | 
be 
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Gross errors may often be detected by comparing the result 
obtained with the volume of an inscribed or circumscribed cone 
or cylinder. In this example the volume of the inscribed cone 
8 128 7 

3 


and that of the circumscribed cylinder is 128 7. 


Exampte 2. Find the volume generated by revolving the 
area OAB about the 
line AB.. 


Solution. An ele- 
ment of volume is 
shown in the figure. 
The thickness is dy, 
and the radius is 


8 — a. Fic. 157 
Hence n=8—2=8-£ 
and dV = 7rdy = (64 — ay + ¥) ay. 
Par (64 gy+e igen 
=| + y+ t)dy = m| ody AF 4 ET 
2048 a 
= i5 = 428.9. 


Exampte 3. Find the volume generated by eae the 

area OAC about the 

y-axis. 
< 


Solution. An ele- 
ment of volume is 
shown in the figure. 
The thickness is dy, 
and the radius is an 
abscissa of the curve. Fig. 158 
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Hence paged 
2 . 
7 
and dV = trdy = ZV. 
‘or aly] 
orca darikd 
ke os | al 
256 
gr pe = 160.8 


ExAmMPLe 4. Find the volume generated by revolving the 
area OAC about the line CA. 


Solution. An element of volume is shown in the figure. The 
thickness is dx and the radius is 
4— y. 

Hence 

r=4—y=4—V2e 
and dV = mrdzx 
= 1(16—8-V22+2a)dz. 


| 
y= [ m(16—8 V2a+2a)dx 
0 


= r[162—3(22)'+ 2*], 


64. rr 
pies Oe 67.02. 


Fie. 159 


166. Simplification by a Change of Variable. In Exam- 
ple 4, above, the desired volume is given by the integral 


Ven f ‘(4—y)'de. 
0 


~ Instead of substituting for y its value in terms of z, we 
may change the variable of integration by substituting for 
dz in terms of y and dy. 
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Thus, since y?= 22, 2ydy=2dz, or dx=ydy. When 


a=0,y=0; whenz=8, y=4. Substituting and chang- 
ing the limits, we have 


V= n [-tdram [ a—ytydy 


8 a 
-_ Ce ae 

64 

3 


™ (as before). 


This process is merely integration by an appropriate 
substitution, similar to that discussed in §$ 145 and 155, 
It frequently enables one to avoid troublesome fractional 
exponents. 


PROBLEMS 


Equation of OA is Equation of OA is Equation of OA is 
y=u2 2y=a8 y2=ps.__ 
Fig. 160 Fia. 161 Fic. 162 


1. In Fig. 160 above find the volume generated when the area 
a. OAB is revolved about OX. -e. OAC is revolved about OY, 
b. OAB is revolved about AB. f. OAC is revolved about CA, 
c. OAB is revolved about CA. g. OAC is revolved about AB. 
d. OAB is revolved about OY. h. OAC is revolved about OX, 
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2. The same as Problem 1 for Fig. 161. 
3. The same as Problem 1 for Fig. 162. 


4. Find by integration the volume of the cone generated by 
revolving about the a-axis the triangle whose vertices are 


(0, 0), (a, 9), (a, 5). 

5. Find by integration the volume of the cone generated by 
revolving about the y-axis the triangle whose vertices are 
(0, 0), (a, 6), (0, 6). 

6. Find the volume of the paraboloid of revolution gener- 
ated by revolving about the #-axis the area bounded by y? = 2 px 
and «=f, Show that the result is one half the volume of the 
Cylinder having the same base and altitude. 

7. Find the volume generated by revolving about the y-axis 
the area bounded by 7?°= 2px, y=), and the y-axis. Show 
that the result is one fifth the volume of the cylinder having 
the same base and altitude. 


8. Find the volume of the oblate pphenns epnareted by 
revolving the area bounded by the ellipse © =< ats Hes =1 about 
the y-axis. 

9. Find the volume of the prolate spheroid generated by 

2 
revolving the area bounded by the ellipse rath f =1 about 
the a-axis. 


10. A ll ial of revolution is generated by revolving 
the hyperbola « — 7’ = a* about the a-axis. Find the volume 
of a segment of one base of this solid of thickness a. 


11. Find the volume generated by revolving about the x-axis 
the area of the hypocycloid ab + ys = ai, 


12. Find the volume generated by revolving about the 
g-axis the area bounded by the coérdinate axes and the parab- 


ola at + yt = = at, 
13. Find the salen of a sphere by integration 
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14. The plane surface of a spherical segment of one base is 
a circle of radius 8 in,, and the greatest thickness of the seg- 
ment is 4in. Find its volume by integration. 

Hint. What is the radius of the sphere from which the segment 
was cut? 


15. A segment of one base of thickness f is cut from a 
sphere of radius r. Show by integration that its volume is 


G *) (8r— hi). 


16. The area bounded by one of the ovals whose equation is 
xy” = (a — 25) (4 — x) is revolved about the x-axis. Find the 
volume generated. 

17. Find the volume generated by revolving about the z-axis 
the entire area of the curve whose equation is y* = «(4 — 2’). 

18. Find the volume generated by revolving the area bounded 
by the loop of the curve whose equation is y* = x (x? — 4) about 
the z-axis. 

19. The smaller segment of the circle whose equation is 
x’+y?= 25 cut off by the line whose equation is x= 3 is 
revolved about this line, generating a spindle-shaped solid. Set 
up the integral giving its volume and evaluate it by Simpson’s 
rule, taking n = 4. 

20. The area bounded by the parabola whose equation is 
y=4-+ 62 — 22? and the line whose equation is y=— 4 is 
revolved about the line. Find the volume generated. 


167. Volume of Known Cross Section. Volumes of certain 
solids may be found by the same general method as is used 
for volumes of revolution. We shall first develop in general 
terms the principles used. 

The figure represents a solid, whose volume we denote 
by V, and an axis OX. A set of parallel planes perpen- 
dicular to this axis divides the solid into thin plates, one 
of which is marked in the figure. The volume of any one 


ow 
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of the plates is approximately equal to the product of its 
thickness Az and the area of one of its faces, which we 
denote by A(z), since the cross section of the solid perpen- 
dicular to the z-axis is clearly a function of z. 

If the volumes of all the plates from z=a to x= are 
summed, we get an approximation to the volume of the 
solid which be- 
comes more exact 
as Az—> 0; that is, 


V=lim>) A(a) Az. 
But by the Fun- 


damental Theo- 
rem this becomes 


Pee hy ves 


In applying this 
formula the solid 
must be of such a character that the area of any cross 
section perpendicular to the z-axis (or y-axis) can be repre- 
sented by a formula in terms of x (or y). The element of 
volume is a cylinder* whose thickness is dx (or dy) and 
whose base has the area A(x) (or A(y)). Hence 


dV=A(x)dx or dV=A(y)dy. 
We now illustrate the method by examples. 


Fic. 163 


Exampte 1. Derive the formula for the volume of a pyramid. 


Solution. Let OP (=h) be the altitude of the pyramid 
O-CDE ft and let B denote the area of the base. Let OP be the 


*The term cylinder is used here in its general sense and includes as _ 
special cases circular cylinders and prisms. 
+ The figure on the following page is drawn with a triangular ~ bn 


the reasoning applies to any base. 
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x-axis with origin at 0. Let the segment OP be divided into n 
parts, which for simplicity will be supposed equal, and let planes 
parallel to CDE be passed through each point of division, thus 
dividing the pyramid into m thin plates. Upon each section 
as a lower base construct a prism 
with lateral edges parallel to OD 
and altitude equal to the distance 
between consecutive sections. The 
prisms so constructed are called a 
set of circumscribed prisms, and it 
is obvious that the volume of this 
set of circumscribed prisms will 
approach the volume of the pyra- 
mid as a limit when is increased 
indefinitely. 

Let us consider a typical prism, whose volume we denote 
by dV. The distance of its base from the vertex O is x, and its 
altitude (or thickness) is dz. If A denotes the area - its base, 
it is known from solid geometry that 


ANS) eae oA Ba? 
B = 73 or A (a) =F" 
2 
Hence ai _ da. 


The volume of the set of circumscribed prisms is 
Ba? 
7a 
and, by the Fundamental Wace the volume of the pyramid is 


|= hk Bh 
v= lim Fe= (5 et hnaeh =|) ==: 


Exampte 2. A solid has a circular base of radius 10 in. The 
line AB is the diameter of its base, and every section of the 
solid made by a plane perpendicular to AB is a square. Find 
the yolume. 
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Solution. In the figure the right-hand end of the solid 
is cut away to show an element of volume whose base is 


PQRS. Let AB be taken 
as the g-axis, with the 
origin at O, the center of 
the circular base. With 
this notation the thickness 
of the element of volume 
is dx. Since every. sec- 
tion perpendicular to AB 
is a square, the element 
of volume is a rectangular 
parallelepiped with square 
base of edge PQ. In order 
to express the length PQ 
in terms of x, we take the 
y-axis in the plane of the 
circular base. It is then 


Fie. 165 


evident that PQ is a double ordinate of the circle. That is, 


dV = PQ’dx = 4ydz. 


But the equation of the circle is 


x? + y’ = 100. 
Hence 


dV = 4(100 — 2°) da, 


The symmetry of the figure 
shows that half the volume will 
be obtained by integrating over 


the segment OB. 


pat” 4(100 — 2%) de = 4 [100 2 


Hence the volume of the solid is _ 


Fic. 166 
ose ” 8000 ‘ 
310 3 


V = 16900 = $333.33 cu. in. 


384. INTRODUCTION TO THE CALCULUS 


Exampte 3. Find the volume generated by revolving about 
the y-axis the area bounded by the parabola whose equation is 
y = x", the x-axis, and the 
line whose equation isa= 2. 


Solution. If planes are 
passed through the solid 
perpendicular to the y-axis, 
they will cut it into thin 
plates of thickness dy. 
The plane surfaces of 
these plates will be cir- 
cular rings of which the 
outer radius is 2 and the 
inner radius is x. The area 
of one of these rings will 


be 4 7 — ma, Fic. 167 
Hence dV = (4m — 1x”) dy 
; 4 
and» van (4 — x”) dy. 
0 


Substituting from the equation of the curve, we have 
4 
rer [eva 
0 
4 
=n|4y—4 = 87. 
Zo 


Note. that the volume can also be found by subtracting the 
volumes generated by OBC and OABC. 


PROBLEMS 


1. A solid has a circular base of radius 10 in. The line AB 
is a diameter of the base. Find the volume of the solid if every 
section perpendicular to AB is 

a. An equilateral triangle. 


b. An isosceles right triangle with its hypotenuse in the 
plane of the base. 
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c. An isosceles right triangle with one leg in the plane of 
the base. 
*d. An isosceles triangle with its altitude equal to 10 in. 
e. An isosceles triangle with its altitude equal to its base. 


2. A solid has a base in the form of an ellipse with major 
axis 20 in. long and minor axis 10 in. long. Find the volume 
of the solid if every section perpendicular to the major axis is 

a. A square. 
b. An equilateral triangle. 
*c. An isosceles triangle with altitude 5 in. 


3. The base of a solid is a segment of a parabola cut off by 

a chord perpendicular to its axis. The chord has a length of 
16in. and is distant 8in. from the vertex of the parabola. 
Find the volume of the solid if every section perpendicular to 
the axis of the base is 

a. A square. 

b. An equilateral triangle. 

c. An isosceles triangle with altitude 10 in. 


4. A plane section passed through two opposite seams of a 
football is an ellipse with major axis 141in. long and minor 
axis 7in. long. Find the volume (qa) if the leather is so stiff 
that every section perpendicular to the major axis is a square ; 
(6) if every such section is a circle. 

5. Two cylinders of equal radius r have their axes meeting 
at right angics. Find the volume of the common part. 

Hint. What is the shape of a section made by a plane parallel 
to the two axes? 


6. The circle whose equation is ~*+ (y — 6)?= 9 is revolved 
about the a-axis. The solid generated is called a torus. De- 
scribe it. Show that the volume is equal to 48 7 | V9 — dz. 
Evaluate the integral. ° 


*In these problems approximate the definite integrals by Simpson’s 
rule, or use the footnote-on page 308, 
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7. A wedge is cut from a cylinder of radius 5 in. by two 
planes, one perpendicular to the axis of the cylinder and the 
other passing through the diameter of the section made by the 
first plane and inclined to this plane at an angle of 45°. Find 
the volume of the wedge. 

8. Find the volume of the solid generated by revolving about 
the x-axis the area bounded by the curves whose equations are 
ay=62—e, y=. ay=a2—3a,y=— 2e. 

b. y=4a—27, 2y=4a—2%, da. 7=4x,2e7—y=4. 

9. Find the volume of the solid generated by revolving about 
the y-axis the area bounded by the curves whose equations are 

axv=4y—y,y=x. Cy. = Oa =e 2 Oe. 

DY =a ng Ye A, dy=r', 2e—y+3=0.. 


168. Area of Surfaces of Revolution. A surface of revo- 
lution is the lateral surface of a solid of revolution. Such 
a surface may be generated by the revolution of an are of 
a plane curve about an 
axis in its plane. 

Suppose that a surface 
of revolution is generated 
by the revolution about 
the x-axis of the arc of 
the curve y=f(«) from 
z=ator=b. Let the in- 
terval 6—a of the z-axis 
be divided into n parts 
and let planes perpendic- 
ular to the axis be passed 
through each point of division. These section planes will 
divide the surface into narrow strips, and we wish to get 
an expression for an approximate value of the area of each 
strip so that the surface may be found by the limiting 
process of the Fundamental Theorem, — 


Fic. 168 
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For this purpose consider any subinterval of length Az. 
At the mid-point, z, of this interval erect the ordinate y 
to the curve, and at the extremity of this ordinate draw the 
tangent to the curve. If @ is the y 
inclination of this tangent, then 


dy 
tan a =~ 
an a = 

2 

and sec @ = yi+(2): 

dx 
where aw is the value of the deriva- Aw 
© 


tive for this mid-point. The length Fie. 169 


-of the tangent between the ordinates at the ends of the 
subinterval is Tae 
t= Az seca =)1+(42) ae 


When the preceding construction has been carried out 
for each of the subintervals, and when the curve together 
with the tangent lines is revolved about the z-axis, each 
elementary strip of surface will be circumscribed by a frus- 
tum of acone. Since y is the radius of the mid-section, and / 
is the slant height of the frustum, its lateral surface will be 


AS=27y~ n+(%), Az. 


When » is increased indefinitely in such a way that 
each Az approaches zero as a limit, the sum of the lateral 
areas of the frustums will approach the surface of revolu- 
tion as a limit. Hence, by the Fundamental Theorem, this 
surface S is given by 


S=lim 2 7y. i + (34) Ax = =" 2 ny 1+ (22). da. 
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Since the elenisit of arc on the curve is ds = h + (2 au) dx, 


the element of surface, dS, may be written 
dS = 2 myds. 
Either of the two forms for ds may be used in applications. 
If the are is revolved about the y-axis, the element of 


surface is dS = 2 axds. 


EXAMPLE. Derive the formula for the area of the surface 
of a sphere. 


Solution. A spherical surface is generated by the revolu- 
tion of a semicircle about a diameter. Let the a-axis be the 
axis of revolution and let the semicircle have its center at the 
origin. The equation of the curve is 


Y 
FN UC gla ak 
whence TY wel * 
dx 
Then 
ds belie dea \O Et = e a 
and dS = 2myds = 2 mrdz. Fic. 170 


The limits of integration are from — 7 to +7, or, because 


of the symmetry, we may integrate from 0 to r and multiply 
the result by 2. 


Hence s=2 2ardx = 4ar[a)} = 4 ar’. 
j 0 


PROBLEMS 

1. Find the area of the surface generated by revolving about . 
the y-axis the are of the parabola y = a? from y = 0 to y = 2. 

2. Find the area of the surface generated by revolving about 

the a-axis the arc of the parabola y*? = 2 px fromz = Otoxw = 4p. 


3. Find the area of the surface generated by revolving about 
the x-axis the are of y= 2 from x = 0 to x = 2, 
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4. Find the area of the surface doh by revolving 
about the a-axis the are of the parabola y? = 4 — x which lies 
in the first quadrant. 

5. Find the area of the surface generated by revolving 
about the «x-axis the hypocycloid af + ys = a’. 

*6. Find the area of the surface generated by revolving about 
the x-axis the are of the parabola y = 2” from (0, 0) to (2, 4). 
*7. Find the area of the surface generated by revolving about 
the y-axis the arc of y = «* from (0, 0) to (2, 8). 
*8. Find the area of the surface generated by revolving about 
the x-axis the arc of y’ = x* from (0, 0) to (4, 8). 
9. The slope of the Seine sie any point of the curve in 


the first quadrant is given ees a EG EE 7. Show that the 
surface generated by revolving about the a-axis the arc joining 
the points (x, y,) and (x,, y,) on the tractrix is 2 7e(y, — y,). 

10. The area in the first quadrant bounded by the curves 
whose equations are y= «* and y = 4~ is revolved about the 
x-axis. Find the total surface of the solid generated. 

11. The area bounded by the y-axis and the curves whose 
equations are 27=4y and « —2y+4+4=0 is revolved about 
the y-axis. Find the total surface of the solid generated. 

12. A zone is cut from the surface of the sphere generated 
by revolving the circle whose equation is «+ y*=7? about 
the a-axis by planes perpendicular to the a-axis at x = a and 
2=a+h. Show that the area of the zone is 2 mrh. 

13. The arc of the curve whose equation is y’ = a° extending 
from the origin to the point (4,8) is revolved about the y-axis. 
Find the surface generated. 

14. Find the surface generated by revolving about the a-axis 

3 


— x 1 
the are of the curve whose equation is y = 6 + ae from a =!1 
to. «= 3. 

* Use Simpson’s rule for approximating the definite integral. 
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15. Find the area of the surface generated by revolving 
about the a-axis the loop.of the curve whose equation is 
97 = «(3 — x)?. 

16. Find the area of the surface generated by revolving 
about the y-axis the loop of the curve whose equation is 
9y? = «(3 — 2)*. 

Hint. Integrate with respect to z. 

169. Centroids of Plane Areas. If a piece of stiff card- 
board is cut in any shape, there is one point on which it 
can be balanced. This point is its center of gravity, or, in 
mathematical terms, it is the centroid of the area represented 
by the cardboard. Obviously the 
centroid of a square, of a circle, 
or of any regular polygon is its 
geometrical center. In general, if 
the boundary of any plane area 
has a center of symmetry, this 
center will be the centroid of the 
area. The centroid of a rectangle 
is its geometrical center, and it has 
been stated without proof, in Chapter I, that the centroid of 
a triangular area is the point of intersection of the medians. 

In order to calculate the position of the centroid of a 
general plane area, we must first define the terms moment 
arm and moment of area. The moment arm of an area with 
respect to an axis is the distance from the axis to the cen- 
‘troid of the area. The moment of an area with respect to 
an axis is the product of an area and its moment arm with 
respect to that axis. 

For example, consider the square whose vertices are (2, 1), 
(4, 1), (4, 8), (2, 8). The area is 4 sq. in. if the unit of 
length is lin. The centroid is at (8, 2). The moment arm 
with respect to the y-axis is 3 in., and the moment of area 


Fie. 171 
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with respect to the y-axis is 4x 3=12.* The moment 
arm with respect to the z-axis is 2 in., and the moment of 
area with respect to the z-axis is 8. 

Let us now divide the above square into three rectangles 
by the lines x= 3 and «= 3.5. The abscissas of the cen- 
troids of these rectangles are easily seen to be 2.5, 3.25, and 
3.75. Their areas are 2,1,and 1. Hence the moments with 
respect to the y-axis are 5, 3.25, and 3.75, and the sum of the 
moments is 12, which was the moment of the whole square. 
If the square is divided in any other way, the same result 
will be obtained. From this example we infer the following 
principle, which we state without proof: y 


If an area is divided into any number 
of parts, the moment of the area about 
any axis is the sum of the moments of . 
the different parts about the same axis. 
Now let A denote the number of 
square units in any given area, M, the O xX 
moment of this area with respect to 
the z-axis, M, the moment of the area 
with respect to the y-axis, and (%, 7) the coordinates of the 
centroid of the area. Then, from the definition of moment, 
M,, = Ay, M, = Az. 


From these equations we get immediately 


Fig. 172 


So “ j= 
from which the codrdinates of the centroid may be calcu- 
lated when the area and its two moments are known. 


*Since the moment of area is defined as the product of an area by a 
length, it is a quantity involving the third power of the unit of length. 
In engineering applications the unit of length is usually one inch, and the 
unit of moment of area is written in’, 
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In order to calculate M, and M, for any area, the area is 
divided into strips, as in § 163, and the area of each strip 
is approximated by means of a rectangle. The moment 
of each element of area may be written down from the 
figure. The limiting value of the sum of the moments of 
all the elements is the moment of the whole area, which 
will then be represented 
by a definite integral. 

For the simple case of 
the area under a curve 
the process would be as 
follows: To find I, and 
M, for the area bounded , 
by y=f(@), the z-axis, 
and the ordinates z=a 
and z=6, the area is 
divided into rectangular elements by lines parallel to the 
y-axis. A typical element of width Az and height y is 
shown in the figure. Let z be the abscissa of the mid-point 
of this subinterval Az. The codrdinates of the centroid of 
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this element of area are (« d), and its areais yAz. Hence 


the moment of this element with respect to the z-axis is 


and, by the Fundamental Theorem, 
b 
uM, = f 3 de. 
Furthermore, the moment of this area with respect to the 


y-axis is zyAz, and " 
M, = “ xy dz. 


THE FUNDAMENTAL THEOREM _ 348 


If not otherwise known, the area is given by 


b 
A= f yd 


and the formula on page 341 may be used to calculate the 
codrdinates of the centroid. 

In general, if dM, and dM, denote the moments of the 
element dA about the z-axis and the y-axis respectively, 
and the codrdinates of the centroid of dA are (2’, y'), then 


dM, = y'dA 
and dM, = x'dA. 


It is obvious that an area having an axis of symmetry 
will have its centroid on this axis. Hence if an area is 
symmetrical with respect to the z-axis, y= 0; and if it is 
symmetrical with respect to the y-axis, r= 0. 


Exampte 1. Find the centroid of the area of a quadrant of 
a circle. 


Solution. Let the axes be chosen so that they bound the 
quadrant of the circle, as shown in 
the figure. Then the equation of 
the circular are is ,Y) 


ep+yo=r’. 


Let the area be divided into ele- 
ments parallel to the y-axis, one of “G 54 
which is shown. Then, reasoning as 
above, we have 


ee ea ae nee 
dM, = 5 dA = "5 da = 5 (0? — 2) de 


and dM, =xdA =axydx = 2Vr*— x dz. 


Fia. 174 
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a? ih os 2 = 5] -fyae 
Hence M,= 5 [ (7 — wi) da => APA ALY 


M, -[ avr — x? dx = — slr a)? ]) = 
0 


2 
The area of a quadrant of a circle is ss Hence we have 
Bg ey Ra shee! pit ii eg a 
Besigrtany Rrigap uM bUimag Mog leet 

Exampte 2. Find the centroid of the area bounded by 
the curves whose equations are y= a2? and y=a2 +2. 

Solution. Inspection of the 
figure shows that the simplest 
way to take the elementary 
strips is parallel to the y-axis. 
Let x denote the abscissa of 
the mid-point of the typical 
subinterval Aw, and y, and y, 
denote the ordinates of the cor- 
responding points on the line 
and the parabola respectively. 
Then the area of the element is 
(y¥,— y.) 4x, and the centroid 
of the element will have the 
coordinates 


Lz, s+ %,)4- Fie. 175 
Hence dA =(y,— y,) da = (% + 2— a) da; 
dM, = nets dA 
uy 
ee dx 


wt — a! 
a tin sent ah ool, 


dM,= «dA 
=a(e+2— *) dat 
= (+20 — 2*) dx. 
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Therefore 
2 2 372 
A= neshacmiad tan 5] =; 
=1 
iy 12 
Me=5 [w a ditt 4e- \demd |e +2 deF] = =e 
3) 5 4_4 eae 
3 472 9 
M —s 2 — 3 = a ad =. 
: "e +22 — 2°) dx [F+e a Roe 


Hence the coérdinates of the centroid are 
B=9+$=), Fa 5+ Roh 
PROBLEMS 


Find the centroids of the areas bounded by the following 
curves : 


a) Nea Nes a 9y=6e—ae, y=. 

2. of = 2 pe, ah. 10.c=4y—-y,y=z. 

Be eee apap 2, M50 il. y=4e—27, y= 2a — 3. 
capes ah te = 24 = 0; 12. f=44,2e4—y=4. 
5.7 =e, 7 = oe, IBS ype 4 —| Say =n. 
Ca a, 2 = 2 y =: 14.y=2',2a—y+3=0. 
fe fe a Vio, te Oe 15. y= 2? — 2x — 3, 

8. 4 = 2.4 = Ag. y = 6a — 2-3. 


16. Find the centroid of the area of the triangle whose ver- 
tices are (0, 0), (a, 0), and (0, 6). 

17. Find the centroid of the area bounded by the parabola 
whose equation is Va + Vy = Va and the codrdinate axes. 

18. Find the centroid of the area bounded by the loop of the 
curve whose equation is 77 = 4a? — a. 

19. Find the centroid of he » pation in the first quadrant of 


’ the ellipse whose equation oe +2 of ol 1. 


Hint. The area of the ~ pee is ab. 
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170. Centroids of Other Figures. The definitions and 
methods of the previous section may be easily extended 
to the finding of centroids of volumes, surfaces of revo- 
lution, and arcs of curves. The chief difference is that the 
moment of volume with respect to an axis is the product 
of the volume by the moment. arm, etc. A thorough con- 
sideration of the subject belongs to more advanced courses, 
but it may be of interest to work a few simple problems. 

Suppose, for example, that we wish to find the centroid 
of the solid generated by revolving about the z-axis the 
segment of the parabola y*= 2 px cut off by the line x= h. 

The centroid is on the z-axis. Cutting the solid by planes 
perpendicular to the z-axis, we have elements of volume 

dV =ry'dz. 

The moment of each of these with respect to the y-axis is 

aM, = «dV = ray'dz. 


Hence the moment of the solid is 
h h 9 8 
M, =" [ nyda =m | 2 px'da = =7pe ‘ 
0 0 


On the other hand, the volume of the solid is 


h 
Tam f y’ dx = wph’. 
1) 
Hence _ B=M,+ rant. 


PROBLEMS 


1. Find the distance of the centroid of a solid hemisphere 
of radius 7 from the center. 

2. Find the distance of the centroid of the are of a semi- 
eircle of radius r from the center. 

2. Find the distance of the centroid of the area of the curved 
surface of a hemisphere of radius 7 from the center, 
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171. Fluid Pressure. Whenever water (or another fluid) 
presses against a vertical retaining surface, the pressure on 
the surface is different at different depths below the surface 
of the water. In order to determine the pressure at a given 
depth, we make use of the physical principle that pressure 
at a point within a fluid is the same in all directions. 
Hence the pressure against a vertical surface at a given 
point is equal to the pressure downward at that point, and 
the pressure will be the same at all points which are the 
same distance below the surface. The method of applying 
these general principles will be illustrated by some examples. 


Examp te 1, One side of a rectangular water tank is 10 ft. 
long and 4 ft. deep. Calculate the pressure on this side when 
the tank is full of water. 


Solution. Let the vertical edge OA of the side of the tank be 
taken as the x-axis, and let the segment OA be divided into n 
parts. Horizontal lines through the points of division will 
divide the side of the 
tank into elementary “F 
strips. Let Ax be the # 
width of any one of J 
these strips and let x 
be the depth to the 


> 
4 


ae 
= 


——— 


: ‘ A 
center of this strip. ~ k------------ oe WET Ra OTST Pie Ri 
Imagine this vertical xX Fra. 178 
strip to be turned about 


its center line until its surface is horizontal. The pressure on 
it would then be equal to the weight of water supported by it. 
The volume of water supported by it is equal to its area, 10 Az, 
times the depth, x. If w denotes the weight of a cubic foot of 
water, the weight on this horizontal strip would be w10xAz. 
Now, since the pressure is the same in all directions and 
since the strip is very narrow, the pressure is approximately 
the same on the strip in its vertical position as in its horizontal 
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position. Henee the pressure above may be taken as represent- 
ing approximately the pressure on the typical strip, and an 
approximation to the value of the pressure on the whole side 


will be given by Yu 10a Az. 


As the width of each strip approaches zero as a limit this 
approximate value approaches the exact value of the pressure 
as a limit. Hence, by the Fundamental Theorem, the pressure 
P on the side of the tank is given by 


2 


The weight of a cubic foot of water is about 62.5 lb. Using 
this value for w gives as the final result 5000 lb. 

The essential part of the above reasoning is that the pressure 
on an elementary horizontal strip is equal to the product of the 
area of the strip (dA), the depth of the strip (2), and the weight 
of a cubic unit of the fluid (w). That is, 


dP=whdaA. 


Examp.e 2. The vertical end of a water trough is in the 
form of a right triangle with dimensions as shown in the figure. 
Calculate the pressure on this end 
when the trough is full of water. 

Solution. Imagine that the tri- 
angular area is divided into ele- 
mentary strips, one of which is 
shown in the figure, and that 
coordinate axes are introduced as 
shown. The equation of the line 
OB, which joins the origin to the point B (6, 12), is y= 2a, 
With (a, y) representing the codrdinates of a point on OB, it 
may be seen from the figure that 

1. The width of the elementary strip is dx and its length is 
12—y. Hence dA = (12 — y) dz. 

2. The depth of the elementary strip is a. 


4 4 
Piz lim >'w 10xAz -[ w10xdx = 10w| =| = 80 w. 
0 0 


rear 
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3. The limits of integration are from « = 0 to x = 6. Hence, 
reasoning as in Example 1, the element of pressure dP is 
dP = wu (12 — y) dx = 62.5 x (12 — 22) dz. 


Hence the total pressure is 


6 
P = 62.5 vf «(12 — 22)dx = 62.5[6 a — 2.a°]§ = 4500 lb. 
0 


Nore. The purpose of the particular choice of axes in the above 
example was to avoid negative coérdinates. This is usually the best 
way to draw the axes in pressure problems if the origin is taken at 
the top of the surface; if the origin is taken at the bottom (as in the 
next example), the axes may be conveniently drawn in the usual way. 


Exampte 3. A gate in a dam is in the form of an isosceles 
trapezoid, as shown in the figure. Calculate the pressure on the 
gate when the surface of the water is 8 ft. above the top of the gate. 

Solution. Choosing rectangular axes as shown, we see from 
the figure that y. 

1: dA =2 xdy. Water Level 

2. The depth of the ele- 
mentary strip below the sur- 
face is 12 — y. 

3. The limits of integra- 
tion “are y= Oto y= a> ees 4!-} -- yr wan= 

4, The equation of AB is 
y = 2x — 8. Hence 
dP = 62.5(12 — y)2ady 

= 62.5 (y+ 8) (12—y) dy, 
and the total pressure is Fig. 178 


p= 625 [y+ 8)(12— yay 
= 62.5 [ (98 + 4y yay 


87 4 
= 62.5 [96 y+2y— 4 = 24,667 lb. 
0 ‘ 
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PROBLEMS 


1. A horizontal cylindrical tank of diameter 8 * is half full 
of oil weighing 60 lb./cu. ft. Calculate 
the pressure on one end. 


2. Each end of a horizontal oil tank 
is an ellipse of which the horizontal 
axis is 12 ft. long and the vertical axis 
6 ft. long. Calculate the pressure on 
one end when the tank is half full 
of oil weighing 60 lb./cu. ft. 


| 


= 
“Qo 


PS Se ae 


3. The vertical end of a vat is a 
segment of a parabola 8 ft. across the 
top and 16 ft. deep ee ig. 179). Calculate the pressure on his 
end when the vat is full of a liquid 
weighing 70 lb./cu. ft. 


4. The vertical end of a water trough 
is an isosceles triangle with dimensions 
as shown in Fig. 180. Calculate the 
pressure on the end when the trough 
is full of water. : 


Fig. 179 


5. The vertical end of a water trough 
is an isosceles right triangle of which 
each leg is 8 ft, (Fig. 181). Calcu- 
late the pressure on the end when the 
trough is full of water. 


6. The vertical end of 
a trough is an isosceles 
trapezoid with dimensions 
as shown in Fig. 182. Cal- 
culate the pressure on the 
end when the trough is _¥___\ 
filled with a liquid weigh- hear aa yh 
ing 50lb./eu. ft. Fie. 182 


| 
ef 


~ 


lem om ———— 
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7. The vertical end of atank isan _ e----~ 4----}! 


isosceles trapezoid with dimensions as 
shown in Fig. 183. Calculate the pres- 
sure on the end when the tank is filled 
with a liquid weighing 50 lb./cu. ft. 

8. A gate in a dam is in the form 
of a right triangle with dimensions as 
shown in Fig. 184. Calculate the pres- 
sure on the gate when the surface of the iy 
water is 6 ft. above the top of the gate. ~~ ~—“—*#F iia. 184 

9. A gate in a dam is in the form 
of a right triangle as shown in Fig. 185. 
Calculate the pressure on the gate when | 
the surface of the water is 4ft. above 


the top of the gate. PNT Ta 6'----— > 
Fia. 185 


10. A gate in a dam is in the form 
of an isosceles trapezoid as shown in Fig. 186. Calculate the 
pressure on the gate when the it Gaiety ig 
surface of the water is 8 ft. 
above the top of the gate. 

11. A rectangular gate in a 
vertical dam is 10 ft. wide and 
6 ft. deep. Find (a) the pres- 
sure when the level of the water 
is 8ft. above the top of the eis 
gate; (6) how much higher the water must rise to double the 
pressure found in (@). 

12. A vertical dam has the shape of a parabola; it is 600 ft. 
across the top and 40 ft. deep in the center. Find the pressure 
upon it when the water is 30 ft. deep. 

13. Show that the pressure on any vertical surface is the 
product of the weight of a cubic unit of the liquid, the area of 
_ the surface, and the depth of the centroid. 

14. A vertical cylindrical tank, of diameter 30 ft. and height 
50 ft., is full of water. Find the pressure on the curved surface. 
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172. Work: Work is a technical term used in mechanics. 
The work done in overcoming a resistance is defined as the 
product of the distance through which a body is moved and 
of the force opposed to the motion. In the applications of 
this section the only force considered is the force of gravity, 
and the work considered is that done in lifting a body. In 
this case the work done is the product of the weight of the 
body by the vertical distance through which it is lifted. The 
usual unit of work is the foot-pound (ft.-lb.). Thus, if a 
weight of 100 lb. is lifted upward 2 ft., the 
amount of work done is 200 ft.-lb. 

The use of the calculus in calculating 
work is illustrated by the following simple 
example. Suppose that a rectangular tank 
10 ft. deep, with a base 4 ft. square, is 
filled with water. How much work must 
be done to pump the water to the top of 
the tank ?» The definition given above does 
not apply immediately, because the water 
near the bottom of the tank must be lifted X 
much higher than the water near the top. 
To answer the question, we must apply the Fundamental 
Theorem of the Integral Calculus. 

Let the edge O of the tank be taken as the z-axis and 
let the segment OA be divided into n parts. Imagine hori- 
zontal planes passed through each point of division so that 
consecutive planes divide the water into horizontal-layers. 
Let us fix our attention on a typical layer of thickness Av | 
and let z be the depth to some point in this layer. Assum- 
ing that Az is small, each drop of water in the layer must 
be lifted a distance nearly equal to 2, and hence an approx- 
imate value of the work done in lifting this layer to the 
top will be z times the weight of the water in the layer. 


Fig. 187 
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If w denotes the weight of a cubic foot of water, the weight 
of the layer is w16 Az, and an approximate value of the 
work done is w 16 zAz. 

An approximation to the total work done will be 


>“ 16zAz, 


the summation extending over all the layers from «= 0 
to 2 = 10, 

As the thickness of each layer approaches zero as a limit 
this approximate value approaches the exact value of the 
work as a limit. Hence, by the Fundamental Theorem, the 
work W is ate by 


= W = lim Siw16 rAx = 8 16 wadxz 
= 16(62. 5/5 Al — 50,000 ft-lb. 


The essential principle of the reasoning in this example 
is that the element of work (dW) done in lifting an ele- 
mentary layer of water (dV) is equal to the weight of the 
layer multiplied by the height (A) it is lifted. 

That is, dW = hwdV. 


Exampte. A conical cistern is 20 ft. across the top and 
15 ft. deep. If the surface 
of the water is 5 ft. from the 
top, calculate the work neces- 
sary to pump the water to 
the top of the cistern. 


Solution. Let a system of 
rectangular axes be intro- 
duced with the origin at the 
vertex of the cone and with 
the a-axis horizontal. The 
element of the cone lying in 
the ay-plane joins (0, 0) and Fie. 188 
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(10, 15); hence its equation is 2y= 3a. An elementary hori- 
zontal layer of water is shown in the figure. If (x, y) is a point 
on OA, the following facts appear from the figure: 

1. The thickness of the layer of water is dy. 

2. The radius of the layer of water is a. 

3. The height which this layer must be raised is 15 — y 

A. The limits of integration are from y = 0 to y = 10. 

The volume of the elementary layer is 


dV = wa dy = $ wy dy. 
Hence dW = (15 —y)wdV 
+4 pe — y) (62.5) ($ my*dy) 


and W === (62.5) nb (16S Yay 


A}? 625000 3 
ela Sie eee 
= “ = (62.5) [5y Al 9 


= 218,167 ft-lb. 


PROBLEMS 


1. A vertical cylindrical cistern of diameter 16 ft. and depth 
20 ft. is full of water. Calculate the work necessary to pump 
the water to the top of the cistern. 


' 2. A vertical cylindrical cistern of diameter 10 ft. and depth 
12 ft. is half full of water. Calculate the work necessary to 
pump the water to the top of the cistern. 

: 3. A vertical cylindrical cistern of diameter 12 ft. and depth 
12 ft. is full of water. Calculate the work necessary to pump 
the water to a height of 10 ft. above the top of the cistern. 

4. A conical cistern 20 ft. across the top and 20 ft. deep is 
full of water. Calculate the work necessary to pump the water 
to a height of 15 ft. above the top of the cistern. 

5. A hemispherical tank of diameter 10 ft. is full of oil 


weighing 60 Ib./cu. ft. Calculate the work as to pump 
the oil to the top of the tank. 


“ii3 
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6. A vat is built in the shape of a regular pyramid 12 ft. 
square at the top and 10 ft. deep. 
If the vat is full of a liquid weigh- 
ing 651b./cu. ft., calculate the work 
necessary to pump the liquid to 
the top of the vat. 


Se 


0’ 
7. Calculate the work neces- 
sary to pump the liquid in the 
vat of Problem 6 toaheight of = ©. W__ + 


8 ft. above the top of the vat. Fie. 189 


8. The ends of a horizontal trough are vertical isosceles 
right triangles. The width across the 
top is 8 ft., and the length is 10 ft. If 
the trough is full of water, calculate the 
work necessary to pump the water to the 
top of the trough. 


9. Each end of a trough is a verti- 
cal right triangle. The dimensions are 
shown in Fig. 191. If the trough is 
full of water, calculate the work neces- 
sary to pump the water to the top of 
the trough. 


10. Each end of a trough is a ver- 
tical isosceles trapezoid. The dimen- 
sions are shown in Fig. 192. If the trough is full of water, 
calculate the work necessary 
to pump the water to the top 
of the trough. 

11. A bucket of weight 
is to be lifted from the bottom 
_of a shaft A feet deep. The 
weight of the rope used to cfs 
hoist it is m pounds per foot.. 9-777 78-7" 
Find the work done. Fig. 192 


Fie. 191 


os 


CHAPTER XIV 
THE EXPONENTIAL AND LOGARITHMIC FUNCTIONS 


173. The functions so far used in this book have been 
algebraic; that is, combinations of the variables and con- 
stants involving sums, products, quotients, and constant 
powers and roots. All other functions are called tran- 
scendental. The more common transcendental functions are 
the exponential, logarithmic, trigonometric, and inverse 
trigonometric functions. 

174. The Exponential Function. The quantity y =a’, in 
which a is a constant, is known as an exponential function. 
The number a is called the base. In elementary work 
it is always positive and usually Yy 
greater than 1. 

In the following discussion of 
the properties of the exponen- 
tial function it will be assumed 
always that a>1. When x=0, 
y=@=1. Since .a is positive, 
a® is positive for all values of x 
except fractional ones with even 
denominators. To avoid excep- i ie 
tions, we always use the positive sign when two signs are 
possible; thus, when x= 8, we consider a® =ai=+Va'. 
Hence the graph of y = a* crosses the y-axis at (0, 1) and 
is everywhere above the z-axis. 

Obviously the graph has neither an axis nor a conten 
of symmetry. > 


356 
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Since a >1, a” increases indefinitely as x» + 0. Hence 
the curve recedes indefinitely from both axes in the first 
quadrant. When z is negative, a* is less than 1; and as 
zZ—>— a, a°—»>0.* Hence the curve approaches the z- 
axis aS an asymptote in the second quadrant. 

The computation of the table of values and the plotting 
are performed in the usual way. The above graph is that 
for a = 2. 

175. The Number e. For reasons which will appear 
later, the most important exponential function is that 
for which the base is equal to a certain irrational number 
whose value is approximately 2.71828. This number is 
denoted by the letter e, and its value should be memorized. 
The function y=e* is usually called the exponential 
function. 

The number e is just as necessary in the calculus as 
the number 7(= 3.14159) in geometry. It is defined as 


lim (1+ *) . In higher mathematics it is proved that this 
n 


nro 


limit exists, that it is irrational, and that it is approxi- 
mately equal to 2.71828. This approximation may be 
verified by actual multiplication when m is small, or by 
the aid of a table of logarithms when n is large. Thus 
(1+<) = 2.25 when n=2; (147) = 2.870 when n= 8; 
n 
(1+ ~) = 2.705 when n= 100; ete. 
n 


Since the discussion in § 174 is general for a>1, the 
graph of y=e* will have the properties there enumerated 
for y= a” and will closely resemble that of y= 2". But it 
will recede more rapidly from the z-axis in the first quadrant 


1 
* This is readily seen by setting ¢ = — u. Thena*=a-%= eae Now 
as2—>— 0, u—>+ wo and a*—»w; therefore a*—>0. 3 


358 INTRODUCTION TO THE CALCULUS 


and will be closer to the z-axis in the second quadrant, as 
is indicated by the following table of values: 


a2| —4|]—38 |—2]-—1] 0 ft 2 3 + 


oe 0.0625 | 0.1250} 0.250) 0.500 1.0 2.000 | 4.000} 8.00 | 16.00 


* 10.0183 | 0.0498 | 0. 135/0.368) 1.0 2. 718 | 7.389 | 20.09 | 54.60 


The values of e” may be calculated by substituting 
e = 2.71828 and using logarithms. Since the function e is 
so important, however, its values are given for numerous 
values of x in any good set of tables. 


PROBLEMS 
1. Plot the graphs of the following functions : 


Gy Oe. day= 1O—% g¥= 17) 
b. y = (4)*. ey = (4)*. hey =2-™ 
Gy = 6. 5 i ee 


2. Show that the definition of e given above is equivalent to 
a 
e=lim1+k). 
k>0 


3. Find from the tables the values of the following functions: 

a. e168 b. ex 2.45 | Cc. e0:017 d. e7 00764 

4. Calculate the values of the powers of e in Problem 3 by 
means of logarithms. 

5. Discuss y = a* for the case in which a is less than one. 

6. What happens to the graph of y = a* when a becomes 
very large? when a approaches 0? 

7. Draw the graphs of the following functions roughly by 
inspection, showing merely the general shape and location : 


aye 10.2°*, c. y= 0.06 65”, 
b..y = 1000.e-4%, d. y = 0.2 e~ 0.08, 
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8. Sketch the following curves on the same axes: 
ay = 6. ap orm Cy =— e&. d.y=—e-*, 
9. Plot the graph of y = e~™ (probability curve). 
10. Plot the graph of y = oes + ea) (catenary). 


11. Plot the graph of y = }(e* —-e~*) (hyperbolic sine curve; 
the catenary for a = 1 is called the hyperbolic cosine). 


12. Plot the graph of each of the following functions : 


a3 = 7“. LPC 
b. ye". 25 
a ag xe” 
Cy =e, ar 
d.y = ev, — 3 
ay=e—e. hy == g 
Y 10 


176. The Logarithmic Function. Since y= a” is a func- 
tion of x, x is also a function of y. This inverse function 
is the logarithm of y to the base a by virtue of the defini- 
tion of logarithms, which is as follows: 

The logarithm of a number to any base is the exponent of 
the power to which the base must be raised to equal the number. 

In other words, if y denotes the number, a denotes the 
base, and z denotes the logarithm of y to the base a, the 
above definition may be stated algebraically as follows: 

x=log,y if and only if y=a*. 

The equivalence of the two equations y= a” and z=log, y 
is perhaps the most important ace fact in connection with 
logarithms. 


Exampte 1. Find the value of log, 27. 

Solution. Here the number is 27 and the base is 9. Using 
the notation of the definition above, we have y = 27 and a = 9. 
Hence we are required to find the power of 9 which equals 
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27, or to find the value of x satisfying the equation 27 = %. 
This equation is easily solved, since both 9 and 27 are powers 


of 3. It is equivalent to 
3? = 327; 


whence 22=3, x=§3, or log,27 = 3. 


Exampie 2. What is the number whose logarithm to the 
base 2 is — 3? 


Solution. In this case a = 2 and x = log,y=— 3. Therefore 


The properties of logarithms are readily deduced from 


those of the exponential function given in §174. The 
base a must be positive and different from 1. Since a°=1, 
log,1=0. Since y =a’ is positive for all real values of z, 
log,y has no meaning for y negative.* ‘Taking a greater 
than 1, as is usually the case, the discussion of § 174 shows 
that logarithms of numbers greater than 1 are positive 
-and that those of numbers less than 1 are negative, since 
y = is greater than 1 for x positive and less than 1 for 
x negative. Also, when y increases indefinitely, «= log,y 
approaches +00; and when y—»+0, x approaches — o. 
Note also that since y is never 0, 0 has no logarithm. 
These facts are best memorized by memorizing the graph 
of y=a* given in § 174. 

177. Graph of the Logarithmic Function. Interchanging 
variables, so as to make y the dependent variable, we have 
y=log,z. This, by definition, is equivalent toz=a’. Hence 
the graph of y = log,« is the same as that of y = a* with the 
axes interchanged. 


*In higher mathematics it is shown that negative numbers have 
imaginary logarithms. These will not be considered in this course. 


~ 


‘. 
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Or, referring to the latter part of the previous section, 
we may proceed as follows. Since log,1=0, the graph 
cuts the z-axis at (1, 0); since 0 has no logarithm, the 
graph does not cut 
the y-axis. For 2>1, 
y =log,x is positive 
and increases indefi- 
nitely with z For 
x<1, y=log,z is neg- 
ative and approaches 
—oasxz—>0. Forz 
negative, y has no 
real value. Hence the 
graph is confined to 
the first and fourth quadrants; it recedes indefinitely from 
both axes in the first quadrant and approaches the y-axis 
as an asymptote in the fourth. The figure shows the graph 
of y = log,z. 

178. The Two Bases. Any positive number, except 1, 
can be used as the base of a system of logarithms, but for 
practical purposes we are restricted to two bases. 

The logarithms used in computation have the base 10; 
these are the logarithms used by the student in his pre- 
vious work. The reason for the choice of 10 as the base 
of the logarithms of computation work is that our number 
system is decimal. A shifting of the decimal point merely 
multiplies (or divides) the number by 10, 100, 1000, etc. 
The effect on the logarithm is, therefore, to add to it (or 
subtract from it) 1, 2, 3, etc., since log 10 =1, log 100 = 2, 
log 1000 = 3, etc. In other words, only the characteristic is 
affected, and therefore the same tables of mantissas may be 
used for numbers 1-99, 10-990, 100-9900, etc. Logarithms 
to the base 10 are called common, or Briggs, logarithms. 


Y: 
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It is customary in calculation with common logarithms 
to keep the mantissa always positive by the device of adding 
and subtracting 10, or by writing a minus sign over the 
characteristic. Thus we write 


__ log, 0.5 = 9.6990 — 10, 
or __ log, 0.5 = 1.6990 (which means 0.6990 — 1). 


The actual value of log,,0.5 is — 0.8010, and this is the 
value which must be used in plotting. 

‘The base of the logarithms used most in calculus is 
the irrational number e = 2.71828 ---. Logarithms to this 
base are called natural, or Napierian, logarithms. Since 
they are the usual ones, it will henceforth be understood 
that when no base is stated the base is e. That is, log x 
means log,2. 

It is assumed that the dente is familiar with the use of 
tables of common logarithms. In the better tables Napierian 
logarithms are also given for a short range of values of z. 
The method of finding log when x is without this range 
of values is best explained by an example. Suppose that it 
is desired to find log 446. We first write 446 as a product of 
a power of 10 and a number comprised in our table, thus: 


446 = 4.46 x 10% 
- Hence log 446 = log 4.46 + 2 log 10. 
From the tables, log 10 = 2.80259. 


2 log 10 = 4.605 
log 4.46 = 1.495 
Adding, log 446 = 6.100 


_ A rough check is afforded by the tables ota powers of. e, 
which give e° = 408.4, 7 tg. cd 
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1000 
= log 6.8 — 3 log 10 
=1.917— 6.908 
=— 4.991. 
Check. e~*>= 0.00674. 


179. Theorems on Logarithms. The following theorems 
are usually given in advanced algebras and trigonometries. 
They are reproduced here as formulas for convenience of 
reference. 


Similarly, log 0.0068 = log (5 ap itaa) 


(1) log, xy = log, x + logy. 
x 
(II) log, () = log, x — logy. 
(IIT) log x"=nlog,x. 
(IV) log, Vx= - log ,x. 
log x 
V 1 =—er. 
( ) 0g,% log, b 


These formulas are all proved by reference to the defi- 
nition of logarithms. As Formula V is not commonly used 
in elementary work, the proof will be given here. 

By definition, if we set u=log,a, b°=z. 

Taking the logarithms of both sides by Formula III, 


ulog,6 = log, a. 

Hence | = logs = 
log,b 
i _ log, a 

or -, log,aw= load 


-- "This last formula is used for transferring logarithms from 
one base to another. For example, the Napierian logarithm 
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of 446 may be found as follows from a table of common 
logarithms: Jog 446 = 2.6493 


and log,,¢ = log,, 2.718 = 0.4343. 
2.6493 
= = 6.1002, 
Hence log, 446 0.4343 6.100 


If in Formula V we set =a, we get 


ee eee ‘ 
~ log,b  log,6 


log, = 


This relation enables us to write Formula V in the form 
(Va) log, x = log, x log, a. 


When 6 =10 and a=e, the quantity log,,e is known as the 
modulus of the common system of logarithms; its value 
is 0.43429, the reciprocal of log,10 = 2.80259. 


Examp.e. Discuss and sketch the graph of y = log V25 — 


Rn. We first simplify the equation by means of For- 
mula IV, obtaining y = } log (25 — 2). 


1. Intercepts. If « = 0, then y = } log 25 = log5=1.6. If 
y = 0, then 25 —a? =1 (since log1= 0) anda = + ae +49, 

2. Symmetry. The 
graph is symmetrical ag | Y 
with respect to the 
y-axis only. 

3. Hatent. Since neg-: 
ative numbers have no 
real logarithms, x? can- 
not exceed 25. Hence 
the graph does not ex- 
tend tothe right of e=5 
nor tothe left ofa=—5. 

4. Asymptotes. Since y—> — 0 when (25--+- ib —>0, the — 
graph has two vertical asymptotes, « =+ 5. . 
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PROBLEMS 
1. Find the value of x in each of the following equations: 
a. x = log, 32. c. log, 4 =— 2. 
b. x = log,,,1000. d. log.x =— 3. 


2. Using the definition of logarithms, solve for x, in terms 
of y, the equations in Problem 1 on page 358. 


3. Write in exponential form 


a. y = log,a. c. y + log,,« = 0. 
b. 2y = log 6a. d. logy? =— 6x. 


lig 
4. Prove that if y = a'8*, then y = e. 
5. Look up the natural logarithms of 6.87, 0.00276, 786. 


6. Look up the numbers whose natural logarithms are 
0.2673, 6.7200, — 0.0276. 


7. Express as powers of 10 
we ee, ve. ora 


Hint. What power of 10 is e? 


8. Express as powers of e 
a. 10-*. ba 2h. CA OPA, 


Hint. What power of ¢ is 10? 
9. Calculate the following: 


a. log 722. c. 5.4%, e. 0.4574. 

b. log 0.3°. ayer, f. 10'? + 10-77. 
10. Solve the following equations for # in terms of y: 

a. y= (e+e). by = 4 (e* — e~*). 


11. Sketch the graphs of y= log, and y = log,,x on the 
same axes. ; 
12. Sketch the graphs of y= loga, y= log =? y = log(— 2), 


and y = log (- *) on the same axes. 
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13. Sketch the graphs of y = loga, y = log a’, and y = log Va 
on the same axes. 


x 
14. Sketch the graphs of y = loga, y = log10z, and y= logs5 
on the same axes. 


15. Discuss and sketch the graphs of the following equations : 


a. y = log (2+ 2). fy = 108 (=-—): 

b. y = log (2 — a). 

Cc. y = log a— 4, 9. y = log (55): 

d. y = log (1 — 2’). 25 — x 
= log (10 — 22). h. y = log (16 — ”)*. 


16. Discuss and plot the graph of y = log (86 — a’). Using 
this graph and formulas II and IV, sketch the graphs of 


= log V36 — x’, y= log (55s) and y = log (a=) 
180. Differentiation of Logarithmic Functions. We now 
proceed to find the derivative of the logarithmic func- 
tion. This is done by means of the general rule ae in 
Chapter III. 
Let y= log u, where u is any function of 2 We first 


find “. Giving x an increment Az, wu takes on an incre- 


ment Au, and y takes on a corresponding increment Ay. 
Hence, following the four steps of the general rule, we have 


I. y + Ay = log (u + Au). 
Il. Ay = log (u + Au) — log u 


= log (1+ “). By Formula II, § 179 


NT ae! Au 
Ul. Ae aye (1+ “\, 
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In order to evaluate the limit when ae 0, the second 


member of this equation is multiplied ie — and written 
in the form 


= -— log (1 + =) By Formula III 
When Az—>0, Au—>0, ad we have 
Sp — 2 gl sn (1+ 2)" 
IV. 4 = log| lim (1+ 
In order to find the value of this limit, set at 
U 


A 1 
whence = ty and as Au-+0, n—»o. Therefore 


lim (14=% ai = lim (14 “)= e. By definition 


Au-0 n> «oo 


Since loge =1, we have, finally, 


dy _1 

duu 

dy _ dy du 
Fei agh! as, dds. 


by the theorem on differentiating a function of a function. 
We therefore have the formula 


a 

ait, 

(VI) ae 4 og u) = z 
When u =z, this formula reduces to 


d 1 
(VIa) Gy (08 1) = 5° 
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If some number a, different from e, is used as the base 
of logarithms, the derivative may be found as follows: 

Suppose that y=log,w. Then, by Formula Va, § 179, 
y = log,u=logulog,e. Since log,e is a constant, this 
function may be ana by ae VI, giving 


a loge — 7 clos U) ==— wt log,e. 
da 
Hence 
(VId) # (10g, u) =— wt 1og,e. 
If a=10, log,,e = 0.434, nf Formula VI} becomes 
0.434 du 
(VIc) = (og > aaa ae pe 


181. Application to the Graph of y = log x. We are now 
in a position to show that the graph of y = log x discussed 


in §177 has the smooth appearance there indicated. Since 
22 = d > 0-for all values of x for which log z is defined, the 


dy 
ah’ constantly rises. At v=1, = “7 Cte. that is, the curve 
crosses the z-axis at an angle of 45°. As ro, “ts 0 : 
EY 


hence the curve approaches parallelism with the z-axis. 
Taking the second derivative, we find that y’’ se oar 


which is always negative. This shows that the curve has no 
point of inflection and is everywhere concave downward. 
Examptez 1. Differentiate y = log(a?-V2 — 3x). 


Solution. It is convenient first to simplify the expression for 
y as much as possible by the formulas of §179 before differ- 


guaaete 2 Thus y = loga* + log V2 — 3a, by Formula I 
Ey 4 ia) +4log(2—32). By Formula III 


Hence, by Formula vi, & ae hae 3@—Ba) 
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Examp.e 2. Differentiate y = x loge. _ 
Solution. To this function we first apply the product formula. 


dy _ a ad 
Sn HOE © (log) + loge % x 


Asati Bil os 


PROBLEMS 


Differentiate the following functions : 


1. y = log (az + b). 11. s = tlog Vi. 
w—4 12.9=1 A 
.8 = logj ————}- 
idl log (SF a) ) (a) 
= p Pay 1+y 
3. = log (a? +22). 13. u = log aan: 
4. y = log,, (2% — a"). 14. y=log V(2“—1)(22*—1) 
5. y =a log a. 15. y= x" log x. 
6. f(x) = log x*. ic ($245). 
f(@) s 16. f(x) = log rena 
1. f(x) =log*x.* eS" 
17. F(@) = loe( ) 
% 1+2 
8. #(e) =loe(2=)- kg ‘ 
9. f(x) =log(a+v1 + 2”). “a 
ne) a s 19. y = log (a! V1 + 2). 
10. « = log (75): 20. y = log, (x*+ 52h, 


21. Find y and ee for the indicated value of a: 
a. OS ae jem deg y= BE, oy = 2, 


x 
uj y= tog(= peg) =? Jlieasprowy, belgie 
c. y = x log Vz, x = 3. f. y = log,,(% V20—Tx), x=2 


*Note that log’z means (log)? and is not the same as log2* = 8 logz, 
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22. Find a for the indicated value of a: 


=log(logz),#=e. cay=log,(2¢+2*),x=2. 
b. y = log’a, « = 3. d. y = log, (@’° + 52), «= 1. 


23. Sketch the following curves and find the slope at each 
point where the curve crosses the axes of coérdinates : 


a. y = log (x + 2). e. y = log (4 — 2). 

b. y = log (9 — a”). f. y = log V4 — 2”. 
= log (a + 3). g- y = log V3 — a. 

d. y = log,, x. h. y = log,, (16 — x”). 


24. Find the point on the curve y = log 2” where the tangent 
is (a) parallel to the line x —-2y+6=0; oe) perpendicular 
to the linea +y—1=0. 

25. Show that all curves of the system y = log ka have the 
same slope; that is, the slope is independent of &. ; 

26. Draw the graph of y = log@ and its circle of curvature 
at the point of intersection with the x-axis (see §140).. »- 

27. Find the maximum and minimum and inflectional points 
of the following curves and draw their graphs: 


= log (1+ 2). C. 4 = @ log. 


Bay = = log (8x — x). 


ee 
log x 

28. If log 10 = 2.303, approximate + 10.2 by means of 
d(logx) (see § 87). 


29. If y = k log aa, show that the rate of i increase of y with 
respect to x is inversely proportional to a. 


182. Logarithmic Differentiation. When y=f (2) is a prod- 
uct or quotient composed of three or more factors, it may 
be differentiated more easily by taking its logarithms, sim- 
plifying, and using the rule for differentiation of logarithms 
than by using the rules for products and quotients. This 
process is called differentiating logarithmically. 
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To illustrate, let 
_@tli@-% 
é a+ 4 


Then logy must equal the logarithm of the expression 
on the right-hand side of the equation. Hence 


log y = § log (a +1) + log (x — 2) — log (2? + 4). 
Differentiation with respect to x gives 


2 ay Set SI FiOS 22 
ydx 2%a@t+l) x-2 w+4 


Multiplying both sides by y, we have 


iy _| Pincinarls os gee 
241) -2—2 +A +4 


dx 
_ (B2'— 427+ 36 x — 82)(¢+1)} 


$3. 2(a*+ 4)? 


This process is convenient also when determining the 
maximum or minimum values for functions of 2 assuming 
a product form and involving fractional exponents. For 
example, to find the dimensions of the largest rectangle 
which can be inscribed in a circle of radius 7, we have 
to determine the value of x making S a maximum, where 
S=avV4/r— 2’ (S is the area and x is the length of one 
side). Obviously Sis a maximum when log Sis a maximum. 


log S= log a+ 4 log(47°— 2”). 


Differentiating, 
Hh od PD 
| a , AeeeO 
Therefore 


47—27'—277=0, or a= rv. 


372 INTRODUCTION TO THE CALCULUS 


PROBLEMS 
Differentiate logarithmically 
= (x +1) (# + 2)*(« + 3) 3.y=— ee 
geallt clans oot Vi+2 
2.y=«V (a + 3) (2—2). RE ened lB 
y=2V@+3)Q—a) y= 


Find y and “e for the indicated value of x: 
5 used ke tee 
6. y = Va(2e —1)(82—2),¢=2. 
y= @t)Ge—), = 2 


2a+5 
x—d 


S.y= a Tne: 

183. Differentiation of the Exponential Functions. Let 
y =a", where wu is a function of 2 Taking the logarithm 
of both sides, 


log y = u log a. 
Solving for wu, Uu= log J, 
log a 

Differentiating with respect to y, 

ditin. noi od 

dy yloga’ 

dy , 
whence edo log a = a“ log a. 


Applying the rule for differentiating the function of a 
function, we now have 


fag = du 
(VII) ae) = a" log aa 
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Special Cases. bag Ue =-2, 


(VII oe 4 (@)= a* log a. 
When a=e, log a= nie a 

(VII 5) Le) = et 
When a=e and u=z, 

(VIIc) ‘y fer) =e 


The formulas for the exponential functions must not be 
confused with that for the power function. In the former 
ease the base is a constant and the exponent a variable, 
while in the latter the base is variable and the exponent is 
constant. In the unusual case where both base and expo- 
nent are variable, logarithmic differentiation should be used. 

184. The Power Function. By means of the derivative 
of the exponential function, we are able to prove the for- 


mula ie nz"~', which was demonstrated in Chapter IV 
2 


for the case where n is a positive integer.  - 
Set y= 2" and take the logarithms of both sides. Then 


log y = n log z. 
This gives. y= ete, . 
po iterentipting by Formula VII 4, we Bea: 
oY Sia ah <n log om 
2 er loge A : 
z 
Bee 


374 INTRODUCTION TO THE CALCULUS 


ExAmpLe 1. Differentiate y = 109*-”. 


Solution. By Formula VII, we have 


dy a2 24—a? a 
dn = 18 ‘log 10. 7 (2% — a) 
=10?*-*. log10 -(2— 22). 


Exampie 2. Differentiate y = axe*. 


Solution. By the formula for a product and by For- 
mula VII4, we get 


= 2 eat ce 
a 
= ( + 1) e*. 
a 
PROBLEMS 
Differentiate the following functions: — 
Lys oe 10. y= oC aa) 
2 Ghme Cece * Y= & 
y=e ll. y logs he 
3. = th . = pes oe 
ye . BeU a ogee 
a. f@y=e7*. 13. y = xe’. 
iy 
5. f(x) = alse, 14. y=. 
2 
6. 8=e'. 15. ¥ o 
7.4 = 10" 16. s =e‘ logt. 
8. y = e*(1 — 2) 17 = Ew 
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19. Show that if y = aC + ea), then y" = % 


20. Show that the nth derivative of y = a* is a*log’a. 

21. Show that the graph of y = e* has no point of inflection. 

22. What is the minimum value of y = ae™ + be-**? 

23. Show, by using differentials, that Teie? = 7.89 pe%! = B83) 
approximately. 

24. Find the maximum point and the points of inflection of 
the graph of y = e~™ and draw the curve. 

25. Show that the maximum rectangle which can be inscribed 
under the curve in Problem 24 has two of its vertices at the 
points of inflection. 

26. Find the minimum point of the catenary y= AC +e -a) 


and show that the curve has no points of snaeawelt 
27. Show that the hyperbolic sine curve y = }(e* — e~*) 

has no maximum or minimum points, and find its point of 
inflection. 

28. Find the minimum point and the point of inflection of 
the curve whose equation is y= xe*. Draw the curve. 

_ 29. Find the radius of curvature of each of the following 
curves at the point of intersection with the y-axis: 


a y= e.) boy = ev rey ey ate t oo), (See § 140) 


185. Some Properties of tie Exponential Function. The 
most striking of the formulas of $183 is VIIc, which 
shows that the operation of differentiation leaves the func- 
tion e” unchanged.- This fact.gives an interesting construc- 
tion for the tangent. to the graph of y=e* at any point. 
For, if @ is the inclination of the tangent at any point, 


tan a= ay = == age But, since the tangent of any acute 
LL 


angle in a right. triangle, is the. quotient of the opposite 
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side over the adjacent, the tangent to the curve must cut. 
the z-axis at a point one unit to the left of the foot of 
the ordinate, as the adjoining 
figure shows. 

Since tables of powers of e are 
always available, the general ex- 
ponential function a® is usually 
written in the form e”. This 
can always be done, since any 
constant a= e*, where k= log a. 
Hence a* =(e*)*= e. For exam- Ghts 3 x 
ple, 107=e**"*, Note that if Fra. 196 
a<1, & is negative. We shall 
therefore discuss y = Ce as the most general exponential 
function, the constant C being introduced so as to permit 
the discussion to cover cases where y is proportional to 
se Obviously C is the value of y corresponding to += 0. 


ee”. 
dy/dx ze 
¥ 


Y 


Differentiating, ob =kCe™. Hence oY = eyyor 3 


We thus see that i rate of change of this function with 
respect to # is proportional to the function itself and that 
the factor of proportionality is the coefficient of x in the 
exponent. When y decreases, & is negative. For any func- 


tion the quotient ae is called the relative rate of change. 


Hence the exponential function has a constant elas 
rate of change. 


Exampte. If a heated object is cooled in moving air, and if 
T is the varying difference of temperature between the heated 
object and the air, Tis given by T = T,e~*, where ¢ is the time 
and T, and & are constants (Newton’s Law of Cooling). It is 
found by experiment that 7 falls from 40°C. to 31°C. in 3 min. 
Find T, and &, show that the rate of cooling is proportional te 


~. 
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the temperature at any time, and find the temperature and the 
rate of cooling after 6 min. 

Solution. Let t= 0 when T= 40; then T = 31 when ¢ = 3. 
Substituting ¢ = 0, we have 40 = T,¢, or T, = 40. The given 
formula now reads T = 40 e-*, 

But when ¢ = 3, T= 31. Hence 31 = 40e¢-**. If we take 
the natural logarithms of both sides of this equation, we have 
log 31 = log 40 —3k; whence 3k = log 4 — log 3.1 = 1.386 
— 1.131 = 0.255, or k= 0.085. 

The complete formula is, then, T= 40 e~ 9% *, 

Differentiating with respect to ¢, we find 


TF = 40 6 *(— 0.085) = — 0.085 7. 
Hence the rate of cooling is proportional to the temperature. 
When ¢= 6, T= 40e-°! = 24°, nearly. The rate of cool- 


ing is a =— 0.085 x 24 = 2.04° per minute at this instant. 


186. Relation between the Exponential Function and Com- 
pound Interest. Let us recall from arithmetic and algebra 
the method of calculating compound interest. Suppose that 
$1000 is deposited in a savings bank paying 4 per cent 
compounded annually. At the end of the first year the 
amount due the depositor will have increased by 4 per 
cent of itself and will be $1000 (1.04) = $1040. During 
the second year there is a 4 per cent increase added to the 
$1040, and at the close the amount due is $1040 (1.04) = 
$1081.60. In general, if 4, is the amount in the beginning, 
¢ the rate of interest, and A the amount after ¢ years, we 
have A= 4,(1+72)' 

At first sight it seems that we have here a method of 
increase precisely the same as that of the exponential func- 
tion, since the yearly increment is a constant (7) times the 
amount due at the beginning of the year. There is a 


378 INTRODUCTION TO THE CALCULUS 


distinct difference, however. In the case of the exponential 
function the increase is continuous, whereas in the case of 
the savings bank no interest is paid except at yearly in- 
tervals. Thus, in the special example considered, A remains 
equal to $1000 until t=1; then its value jumps to $1040 
and remains constant until ¢ = 2, etc. 

On the other hand, if interest is compounded semian- 
nually, 2 per cent is added each half-year, and the suc- 
cessive amounts will be as follows: 

t=0.5, A=1000(1.02) = 1020; 

t=1, A= 1000(1.02)? = 1040.40; 
tae debs A = 1000.02)" == 106121 
t= 2, A=1000(1.02)*= 1082.43. 


In general, if the interest is compounded & times per 
year, the amount is increased by ; times itself every Ath 
part of a year, and we have 


2 kt 
4=4,(142) . 


For the increase to be continuous at a constant relative 
rate, the compounding should be instantaneous, or k should 
be infinite. In this case we have 


k>@ 


is 
‘ a\é |* ; 
ear [(1 = 46", 


since the bracket is of the form (1+ ny used in defining ¢ 
in §175. Thus we have shown that if a quantity increases 
continuously at a constant relative rate with respect to _ 
some variable, it is an exponential function of that variable. | 


4\* 
4=lim4,(1+ :) 
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PROBLEMS 


1. Find the expression for the velocity when the distance 
traversed by a moving point is expressed as a function of the 
time by the equation 

y 4 s=(A + Bije—*. 

2. The number of bacteria in a certain culture obeyed the 
formula VN =1000 e°', where ¢ was measured in hours. Find 
the number after 2 hr., and the rate at which the number was 
then changing. 


3. It is found that barometric pressure obeys the formula 
p = Ce-™, where C and & are constants and h is the height. If 
p=30in. when A=0, and p= 24in. when A = 5800 ft., 
find C and k, and express the rate of change of pressure in 
terms of p. Also find the height corresponding to a pressure 
of 26 in. 


4. The amount of light which passes through glass is found 
from the fact that a fixed per cent of the total is absorbed by the 
glass. Show that the formula Q= Qe *, where Q is the quantity 
passing through a thickness a, satisfies the law given above. 


187. The Integrals of = and edu. The formulas for 


differentiation derived in this chapter give us new formulas 
for integration. 
From Formula Via we obtain 


di 
(VIII) [Gaveure 
This is the exceptional case, »=—1, of the general 
_ power formula te 
‘ udu = +0, 
n+1 


which is good for all values of n except —1. 
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Formula VIIe gives 
(IX) f e'du =e" +0. 
Formula VIIa gives 


7 pte: 
(%) if adu=7 oat © 


; 2 xdax 
Exampte 1. Find the value of se as: 


Solution. Let u=2?+ 3; then du = 2adz 


adx ee 2Zedz 1 . 
and Japs a epa7 gee tS 


Substituting the limits for x, we get 


2 
d 
f eee [los (+ 3)P=5 4 dog? — log 3} 
| = }.(1.946 — 1.099) = 0.424. 


In numerical examples of this kind it must be remembered 
that natural logarithms are used. 


ode 
mae 

Solution. Since the degree of the denominator is not higher 
than the degree of the numerator, we must divide the numer- 
ator by the denominator until the remainder is of lower degree 
than the denominator. This gives 


Examre te 2. Integrate “t oe 


a8 8 


Hence 


eras as ie tf tain fee (2 


atta chi ait ela Dhaai 
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EXxAmpPtLeE 3. Find the value of [ et da. 


0 


Solution. Here u = ; and du = = Hence 
a 


PROBLEMS 
Integrate the following: 


a 8 
1. f eras. te f gee tas firth es 
a? +1 x 
aes x? da 2 edax 
2. fe dx. 8 oa 14: [9 


3. f eas apres eg 15. [Ce4 oie ion 


v’—2ae—5 
3 dx 5 «dx , oatbee 
a. f oe 1D: esas 18. { ( +e")? dy. 
2 98 
5. [ atde. uu. f re. 11. f (#20) de 


. d 
at a ht 18 ins 


8a — 6 bax? 6a — a2? 


Evaluate the following definite integrals : 


* de ® edz 2 dx 
ax j . OB. : 
19. fe dx. 21. a 2. fey af 


5 dx ; 2 & 8 tdt i ™ ‘dx. 
00. fF 5 22. f ee a 24. [i P41 06. 
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27. Find the area bounded by the equilateral hyperbola 
xy =12, the z-axis, and the lines x= 2 and x= 4. 

28. Find the area bounded by the equilateral hyperbola 
xy =12, the y-axis, and the lines y=3 and y = 6. 


29. P and Q are any two points_on an equilateral hyperbola 
xy =k. Show that the area bounded by the are PQ, the ordi- 
nates of P and Q, and the z-axis is equal to the area bounded 
by PQ, the abscissas of P and Q, and the y-axis. 


30. Find the area in the first quadrant bounded by the line 
y= : and the curve y(1+ 2*)=2. 

31. Find the area bounded by the curve y = e*, the y-axis, 
the x-axis, and any ordinate. 


32. Find the area bounded by the catenary y = = ae ce ~a) 
the «-axis, and the lines « = a and « =— a. 


33. Find the area bounded by the curve (@?+1)y =a, the 
x-axis, and the lines a =1 and # = 4. 


? 


34. Find the area bounded by the curve y = e”, the y-axis, 
and the line y = 6. 


35. Find the length of an arc of the catenary y = = 2 (oa +e =a) 
extending from x= 0 tox =a. 


36. Find the length of the are of the curve whose equation 


2 
isy= 5 _ 5 log extending from x =1 tom =4. 


37. Find the volume generated by revolving about the x-axis 
the area bounded by y7(6 — x) =a, y= 0, and a = 4. 


38. Find the volume generated by revolving about the z-axis 
the area bounded by 7°(2a — x)= 2°, x =a, and y= 0. 

39. Find the volume generated by revolving about the x-axis 
the area bounded by y = e*, x = 0,7 =1, and y= 0. 


40. Find the volume generated by revolving about the a-axis - 
the loop of the curve (« — 4)y?= a(a — 8). 
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41. Find the volume generated by revolving about the z-axis 
the area found in Problem 32. 

42. Find the volume generated by revolving about the z-axis 
the area bounded by the curve y = e-*, the lines x = 0 and 
x =10, and the z-axis. 


-188. The Differential Equation oY = hy. In $185 it was 


shown that the relative rate of increase of the exponential 
function is constant; and in §186 it was shown in an 
indirect manner that, conversely, any function whose rela- 
tive rate of increase is constant must be an exponential 
function. By means of integration this latter fact may be 
demonstrated much more simply. 

For, if y=f(«) changes at a constant relative rate, 


Seiden. k, or acd = ky, where k is a positive constant if y is 
x 

increasing and a negative constant if it is decreasing. Such 

an equation, containing derivatives or differentials, is known 

as a differential equation, and the process of expressing y 

as a function of x is known as solving it.* 


Clearing of fractions, dy =hkydz. Dividing by y, we have 
one kdz. 
w, 


Since but one variable appears on each side, we can inte- 
grate both sides, and this gives 


log y = kx + C. 
AsC represents any constant, we may replace it by log e, 
giving log y = kx + log ¢ 
or log! = ke. 


* Compare §§ 146-148. 
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The definition of a logarithm transforms this into 

J _. d= 

€ 3 
or y=; 
which is the usual form. 

The constant of integration, ¢, is determined by a pair 
of initial values of z and y. In solving problems of this 
kind the above result should not be used as a formula, 
but the integration should always be performed. 

Exampie. The number of bacteria in a culture increased at 
a constant percentage rate of 40 per cent, the unit of time being 


one hour. If there were 1000 at the start, find the formula for 
the number at any time. 


Solution. Let t be the time, and N be the number. By the 
conditions of the problem, = = kN, where k = 0.40. Hence 


dN = 0.4 Ndt, 


or a = 0.4 dt. 
Integrating, log N = 0.4¢ + loge. 
Since N =1000 
when 7= 0; 
log 1000 = loge, 
or e = 1000. 
Therefore log N = 0.4¢ + log 1000, 


log tan ayer: 


or N = 1000 e°*¢. 


When t= 5, N= 7389. If the number were calculated ac- 
cording to compound interest, we should have NW = 1000(1.4)* 
= 5378 
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PROBLEMS | 


» and it 


1. The slope of a curve at every point is = - 
passes through the point (0, 0), Find its equation. 

2. Find the equation of the system of curves whose slope 
at any point is et 

3. Find the equation of the system of curves whose slope 
at any point is zy. 

4. Which curve in Problem 3 passes through (2, 1) ? 

5. Find the most general function which is unchanged by 
differentiation. 

6. Given that the intensity of light decreases 2 per cent by 
passing through 1 mm. of glass, find the intensity 7 as a func- 
tion of x, the thickness of glass through which the light passes, 

7. In Problem 6 find the thickness of glass which would 
absorb one half the light. 

8. The speed (v) of a rotating wheel after the power was 

shut off was decreased at a rate (per second) which was at every 
instant 25 per cent of v itself. Find a formula for v in terms 
of ¢ if v was originally 1000 revolutions per second. Find the 
value of v after 10 sec. 

9. Atmospheric pressure varies thus with the height above 


sea level : “e =— 0.00004 p, where p» is measured in pounds 


per square inch and / is measured in feet. Find a formula for 
p at any height, knowing p = 15 lb. when h = 0. 

10. When an iron rod is heated, its length increases thus: 
“ = 0.00001 Z. Express Z as a function of T, if Z = 60 in. 
when T = 0°C. 

11. A boat moving in still water is subject to a retardation pro- 
_ portional to its velocity at any instant. Show that the velocity ¢ 
seconds after the power is shut off is given by the formulav=ce-™, 
where ¢ is the velocity at the instant the power is shut off. 


CHAPTER XV 
THE TRIGONOMETRIC FUNCTIONS 


189. Preliminary Remarks. The solution of many prob- 
lems, such as some of those involving curvilinear motion, 
requires the analytic use of trigonometric functions. Fur- 
thermore, many algebraic functions can be integrated only 
by means of trigonometric functions. We therefore turn 
to a discussion of them. 

In the analytic use of the trigonometric functions a 
thorough familiarity with the usual formulas connecting 
these functions is necessary, and this knowledge is assumed. 
in what follows. 

Of the many different units of angular measurement 
the most familiar is that in which a right angle is divided 
into ninety degrees, each degree into sixty minutes, and 
each minute into sixty seconds. For purposes of plotting 
the graphs of trigonometric functions, measuring slopes, 
rates, areas, volumes, etc., it is necessary to use radian 
measure. It must be clearly understood that a radian and 
a degree are merely two different units for measuring the 
same quantity. A radian is a central angle whose inter- 
cepted arc equals the radius of the circle. From this defi- 


nition it follows that + (= 3.1416) radians = 180°, 1 radian 


= 57°.30, 1° = 0.0175 radians, etc. A table of equivalents 
for radians and degrees is contained in any good set, of 
tables. These equivalents are all approximate, owing to 
the fact that the circumference and the radius of a circle 
are incommensurable. _— - 

386 
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Since by definition a central angle of one radian inter 
cepts an arc of length one radius, it follows at once that a 
central angle of @ radians intercepts an arc of 6 radii. 
That is, S=6r, 


where @ is the value of the central angle in radians, and 
rand s are respectively the lengths of the radius and the 
intercepted arc measured in the same linear units. 


x 


190. Graphs of y=sinx and y=cosx. In plotting z is 
always measured in radians. If tables are available which 
give the values of the sine and cosine for angles measured 
in radians, the corresponding values of x and y may be read 
off directly from the tables. If it is necessary to use the 
ordinary tables for angles measured in degrees, it is best 
to make three columns, — the first giving the values of z 
_ in degrees, the second the corresponding values in radians 
taken from the conversion table, and the third the values 
of sin z or cosz. This is done in the table given above. | 
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Since sin(— 2) =— sina and sin(# + 27)=sing, it is 
unnecessary to continue the table for the sine curve beyond 
the range 0-360°, or 0-27 radians. The complete curve 
consists simply of. an indefinite repetition of this portion 
along both sides of the z-axis. The same scale is always 
used for x and y. 


Fig. 197 


The graph of y=cosz may be plotted from the table 
of values, but this is not necessary. For the formula 
T 


sin (0+ =) 


that of y = cos x if the origin is moved to the point (5 ) 0). 


cos x shows that the graph of y=sin x becomes 


These graphs should be known well enough so that they 
can be reproduced from memory. They are of considerable 


Fia. 198 


aid in recalling many details regarding the functions sin z 
and cosz. It should be noted that sinz equals 0 when 
x=+n7; that it has its maximum value (+1) when 
T 


Aaa 2nm; that it has its minimum value (—1) when 


os 


a ea rt 2mm. It should be noted that cos z equals 0 when 
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a 
Te 
x=2n7r; and that it has its minimum value (—1) when . 
2=7+2nr. ' 

191. Periodicity, Range of Values, and Multiple Angles. 
Functions whose values are repeated after the independent 
variable has passed through a certain range of values are 
called periodic, and may be formally defined as follows: 
The function f(x) is periodic if there is a constant k such 
that f(a+k)=f(x) for all values of x. The constant k is 
called the period. As mentioned in the previous section, 
sin z and cosz have the period 27. 

Note. Obviously, if k is a period of f(z), then 2k, 3k, etc. are 
periods. In this and all that follows, it is assumed that & is the 
smallest period. It can be shown that no other constant not a mul- 
tiple of k can be a period of f(z). 

The range of values of the sine and cosine is from —1 
to +1. If we multiply a function by a constant, the range 
of values of the function is multiplied by the same constant. 
Thus y=3sinz varies from — 3 to +3. 

Let us now investigate the effect upon the period of 
multiplying the independent variable by a constant. We 
have the following theorem: 


Theorem. If f(x) has the period k, the period of f (nz) le 
Proof. We must show that f(nz) is unchanged if z is 
replaced by «+ x. Substituting, we have 
p(nfo+=]) = rere + t= (02) 
since k& is a period of f. 


Thus, if the independent variable is multiplied by a constant 
n, the period is divided by the same constant. For example, 


x + nr; that it has its maximum value (+1) when 


12 b 
the period of y = sin 3a is e == 120". 
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Any curve whose equation is of the type y= asin ne or 
y = acos nx can be sketched by the aid of these properties and 
the knowledge of the graphs of y = sing and y=cosz. The 
method of sketching such a page is as follows: 

1. Determine the period. 

2. Plot the points on the curve at each quarter period. 

3. These points are the intercepts and the maximum or min- 
imum points, by means of which the curve may be drawn in. 

Exampte 1. Sketch the graph of y = sing. 

Solution. The period is oF A qr. 


The values of y at each quarter period are given in the table. 


Fig. 199 


The graph is drawn in the figure, where the graph of y = sin a 
is also shown by a dotted curve for the a BS comparison. 

Exampe 2. Sketch the graph of y- + 2 cos 9 ='0. 

Solution. The period is = - = 4, 


3 
The values of y at each quarter period are given in the table. 


Fig. 200 
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‘PROBLEMS 


1. Make out a table of values for y = cosz, with x ranging 
through a complete period, and make a careful drawing of 
the graph. 

2. What symmetry have the graphs of y=sinaz and y=cosa? 
Prove your statements. 

3. In each of the following equations find the period and the 
range of values, and sketch the graph for a complete period: 


a. y =sin 5. é. y = 3sin 2a: i. y+ sin 7a = 0. 
b. y = 008 5. J. ¥ == COS 12. j. y + cos 27x = 0. 


C. ¥ = Sin 3 x; gy = 4sin 7. ky + 2sin5=0. 

Tx 

i 

4. Make a table of values for the range indicated and plot 
the graph of each of the following equations : 

a. y= 2 sin x. (0 to 2 7) 

b. 10 y = 2’sin x. (0 to 27) 

5. Make a table of values for the range indicated and plot 
the graph of each of the following equations : 


d. y = 2 cosa. h. y = 3cos ly + cos 2a” = 0. 


a. y=sin(« +7). (0 to 27) 
7 
b. y = co0s(2— 7) (0 to 2 7) 
cy = sin m(x + 4). (0 to 2) 
TX Tv 
ay= 0os( 4p t). (0 to 4) 


6. Determine which of the following functions are periodic, 
and find their periods : 


F Tx ~ 
a.y=x+2sing. 7 Gig) =. — O08 Ta? 
b. y = cos = + sin 2a, d. y = sin 1x + cos Tx. 


2 
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192. The Limit of = as 6 approaches 0. In order to 


differentiate the sine function, we must first evaluate this 
limit. In the figure the angle 2@ is drawn with its vertex 
at the center of a circle of radius 1. Let OC bisect the 
angle and let AC and BC be tangent to the circle at A and 
B respectively. 

By plane geometry, 


chord AB< arc ATB 
<AC+ BC. 


It is easy to show that 
since the radius of the 
circle is 1, 


BS=AS=sin8 
and BC=AC=tan6. Fia. 201 


But if the angle 2 6 is measured in radians, arc ATB = 26, 
by § 189. 


Substituting these values above, we have 
2sinéd < 26 < 2 tané. 
Dividing by 2 sin 0, we get 
7] 1 


beers age 
hs sin 8 2 cos 6 


1 : 0 
oor ee sin 0 


— 7’ it must also approach I 


Now as 6-0, cos@—>1; hence 


_is in value always between 1 and 
las a limit. Hence 


) 


linn ~<a 
2 ane sin 8 
and therefore lim sin@ 2 =, 


6-0 
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Note that this relation holds only if 6 is measured in 
radians. As stated before, it is essential for the next section; 
but it has also an importance of its own, since it shows that, 
for small values of 6, sin @ is nearly equal to @ itself. 

193. The Derivative of sinu. We first differentiate with 
respect to wu. The general rule gives at once the following 
equations : y=sinu, 


y +Ay =sin (u+Au), 
Ay = sin (u + Aw) — sinu 


= 2 cos (u + =) sin af 
The last equality is given by the trigonometric formula 
sin A— sin B = 2 cos — = sin ao2. 


Dividing by Au, we obtain, 
A = = cos (u +) sin 


Au Au 2 2 
sin 
Au D) 
= cos (u +S). TOF . 
g 


As Au— 0, lim cos (w + “= cosu. The fraction in the 


: in 8 i : : 
parentheses is in the form we considered in the previous 


section ; hence its limit is 1. We therefore have 


a = COS U 
dy _dy du. 
5 aoe dx du dz 
Hence 


(1) < sin u= cos ue 
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194, The Derivative of cosu. Since sin (u + *) = COS U, 


we can use the formula of the previous section. 


< (c08u) = = 8 -sin(u +3) 


aT\ ad 7 
= cos(u it 5) a(w of z) 
=—sinu el 
Fi da 
The formula is then 
(II) £ (cos u) = —sinu a . 


Exampte 1. Differentiate y = cos® (). 


Solution. Applying the formula for differentiating u*, we have 


dy _ (5) (5) 
Hee Bee 5 qn 9 


Exampre 2. Find the maximum and minimum points and 
the points of inflection of y= a—sin 2a between 0 and TT, 
and plot the graph. 


Solution. Differentiating, we have 


“Y 1 — 2005 2a, 
CY = Asin Qe 
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Setting the first derivative equal to zero gives cos 2a = i, 

or 2” = 60° or 300°. Hence the critical values are x = 30°= 6 
5 : 

and «=150°= oe + Testing these by substitution in the 


bun one TA, me 
second derivative, we find that 2 = 6 gives a minimum value 


y= a — sing Y 
= 0.5236 — 0.8660 
=— 0.3424; 
and «= 2 gives a maxi- 
ium value 
Ow. ., b9 
y= — sin-- 
= 2.6180 + 0.8660 
"= 3.4840. Sig 208 


Hence the minimum point is (7 Noes 0.3424) , and the maximum 


6 
point is ee ’ 3.4840). 

Setting the second derivative equal to zero gives sin2a = 0; 
whence x= 0°, 90°, or 180°. Calculating the corresponding 


values of y, we find that the points of inflection are (0, 0), 
(4 1.5708) (mr, 3.1416). 


2 

PROBLEMS 
1. Differentiate the following functions: 
a. y = sin 22, g- f (x) = sin?x. m. r= Vos 6. 
b. s = cos ax. h. f (e)='cos*#a?, om y= ax" sin 2 x. 
c. 7 = «008 2t. i. f(#) = log cosa. 9% s=e7' cost. 
d. f(0) =a(1—cos), j. y = log Vsinz. ie 
e. f(y) =sin2ycos3y. k. y= e"*. 2 


f: f(6)=Osin 6+c0s0. 1. y= sin Vz. y= —— 
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d 
2. In the following equations find the value of for the 
given value of x: 


a. 4 = 2S1D.e, 2 = 1 d.y=e *cosx, =2. 
ae 
b y=cos4a, x= 0.5: ey =xsin5, eae 2. 
bil cos rT _ 
c. y = logsina, Cae fa if = eee, © ee 


3. Find the first and second derivatives of the following 
functions : 


es 
a. y = sin: C. y= xcs 2a 
b. r = 2008 3 6. d, 3. 6;'sin. 27. 


4. Find, by differentiating, the maximum and minimum 


points of the following curves: 
a. y= sine. b. y =,cOsia. 
5. Find the points of inflection of 
a. y = sine. b. y = COS ze. 


6. Find the equation of the tangent to each of the following 
curves at the given point: 


a.y=sing, «= 0. by =cosz, «= 


nly 


7. The equation of motion of a point that moves along a 


straight line is s = 2cos2¢. Find the position, velocity, and 
7 7 


Ae 
8. The equation m motion of a point that moves along a 


acceleration when ¢ = 0, — 


2 
acceleration when ¢ = 0, 1, 2, 3, 4. 


9. Find the speed and the acceleration of a particle whose 


t 
straight line is s = 3sin—- Find the position, velocity, and 


displacement x has one of the following values. In each case 


show that the acceleration is proportional to z. 


; hie 7 
a.x=sin 2t. 2 St shies) f 
Cc. 2x sin(§ 7) 
b.2=Acoskt+ Bsinkt. © d. x= asin (kt + e). 


* 
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10. Find the angles which the curves y = sinz and y = cosx 
make with each other at their points of intersection. 


11. Find the angles of intersection of the graphs of y =a 


and y = x — sin 2 at the points where x = 0 and x => 


12. Find the maximum, minimum, and inflectional points 
for the range indicated and plot the curves: 


a.y=x2+2sing. (0 to 27) 
b. y=x— 2sing. (0 to 2 7) 
cy=x+sin2ea. (0 to 7) 
d.y=x-+ cos 2x. (0 to 7) 
ey =5— sing. (0 to 2 7) 
f. y = sinz + cos z. (0 to 2 7) 
9. y = 5 + cosa. (0 to 27) 
h. y = sin 7x — cos 12. (0 to 2) 


13. Find the value of the differential of sina when x = 60° 
and dz = 2’. 

14. Given sin 60° = 0.86603 and cos 60° = 0.5, use differ- 
entials to compute the values of the following functions to 
four decimal places: 

a. sin 62°. b. cos 61°. c. sin 59°. d. cos 58°. 

15. Two sides of a triangle are 3 ft. and 4 ft. respectively, 
and the included 6 is 60°. Express the third side y as a func- 
tion of 6, find its value for 9 = 60°, and by means of differen- 
tials find the error in y caused by an error of 3’ in measuring 6. 


195. Integrals of Sine and Cosine. The formulas for 
integrating sin u and cosu are obtained immediately by 
inverting those for differentiating. They are 


Jf sin udu=— cos u+¢, 


fos udu=sinu+C. 
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PROBLEMS 
1. Integrate : 
a. J sin 2xdzx. f. | xsina*dza. 
x c 

b. if cos 3 dx. g- af e°%* sin ada. 

i d h cos log x ee 
e. [Ging + cos x) da. i g = 
d. f sin*z cos ada. i; f (a + sin 2x) da. 

cos xdx : 

Cot cece j. | cos(a — x) da. 

sin x 


2. Evaluate 


T 1 
a. fn sin «da. C: “f' (x + sin 2 x) dz. 
0 0 
: ar 
b. ip cos pki dx. d. Ha ae dz. 
F 2 9 cosa 


3. Sketch each of the following curves and find the area 
of one arch: 


a. y = 2 cos x. c. y = COS 2a. 
by. = 2 sin : d. y = sing: 


4. Find the volume generated when the area bounded by 
the x-axis and one arch of the curve y= sing is revolved 
about the z-axis. 


Hint. 2 sin?z =1—cos2z. 
5. Find the length of one arch of the curve y = sina. Use 
Simpson’s rule, taking n = 4. 


6. Find the area of the surface of the solid described in _ 
Problem 4. Use Simpson’s rule, taking n = 4, 
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7. Find the area in the first quadrant bounded by the 
y-axis, the curve y= sing, and the curve y= cosa. 

8. Find the area between x =0 and x=27 which is 
inclosed by the curves y=sing and y= cosa. 
TH 
hee 


9. Find the area bounded by the curve y= + cos 1 


the coérdinate axes, and the line x= 2. 
10. The velocity of a point moving in a straight line is 


v = 4cos 5" Find the distance from the starting-point at the 


end of 3 Sec. 


11. The acceleration of a point moving in a straight line is 
a=-—16cos2¢. The point starts from rest. Find its distance 


from the starting-point at the end of ; sec. 


196. Graphs of the Tangent, Cotangent, Secant, and Co- 
secant Functions. The graphs of these functions are plotted 


Fia. 203 


in much the same way as the sine and cosine curves. Since 
they are all infinite for certain values of x and are periodic, 
they will have an infinite set of vertical asymptotes and 
will be made up of an infinite number of branches. 
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The sketching of the graphs is much simplified by re- 
calling the relations between these functions and the sine 


and cosine. Thus y=tanz= aaa shows that tanz=0 when 
cos 2x 


sin z=0, and tanz=oo whencosz=0. Also y=sec r= 


COS & 
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shows that sec x=oo when cosz=0; and since cos 2 is never 
greater than unity, sec z is never less than unity. The lines 
y + nm are asymptotes for y= tanz and y=secz2. 

The facts in the table below should be verified by the 
student. The graphs of y=tanz and y=secz are given; 
those of y= cotz and y=cscz should be plotted from a 
table of values and kept for reference. 


+ 


FUNCTION|PERIOD| 2-INTERCEPTS ASYMPTOTES RANGE OF VALUES 


—eoto+oa 


—eato+o 

o to —land 
+1totoao | 
wo to—land| — 
+1to + 


e=+nr oa 
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197. Derivatives of the Tangent, Cotangent, Secant, and 
Cosecant. Since 


tan “= wt 1 
cos u 
we have ie. | re ey 
a ae COs Uu 4p en u)— sin u 7p 6008 u) 
dz cos*u 
__ cos*u + sin?u du 
= cos*u dx 
at a, au 
= Pee div = secu Pe 
Hence 
(IIi) | + (tan u)= sec? u a 
Similarly, 
(IV) £ cot u)=— csc?u a 
dx dx 


Setting secu= ih ws we find 
COS u 


d du 
(V) asec u)= secu tanu ik 
Similarly, 
(VI) 4 (ese u)= — csc u cot u &, 
dx dx 


The following example illustrates the use of trigono- 
metric functions in applications. 

A number of iron brackets in the form of a capital Y 
are to be constructed. The height of the Y is to be 12 in, 
and the width across the top is to be 10 in. What shape 


* requires the least material ? 
The total length of the stem and the two branches 
must evidently be a minimum, Let 22 be the angle 


Po) 


=~ | 
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between the branches. Then BC=5 ese 2, BD=5 cotz, and — 
BA=12—5cotz. Hence the length required for any shape 
is L=12—S cotr +10 esex 
Differentiating, we have 


a = 5 osete— 10 ese x cot 2 


Setting this equal to Q and dividing 
out 5 ose x (which cannot equal 0), 


ese x — 2cotxr=— 0. 
ese x = 2 cota, 


1 2 cos 
or ——=-———_ > 
saz sme 
whence cos r= 9 
Therefore += 60° gives either a maximum or a mini-— 
mum length. oe length is a minimum can be proved 


by getting a This problem can be solved without re- 


course to trigonometric functions, but their use avoids the 
necessity of troublesome radicals. 


1. Make a table of values, for x ranging a 


, 
3 
a 
PROBLEMS . 
and plot the graphs of the following equations: } 


ont — 


a. y=tanz. c y = seex. é Cicely 
b. y =cotx, d. y = esex. = 
‘we 
2. Indicate the relation between the corresponding ond 
nates of @. y= Sinz and y= esex. Hage | 
db y= cosz and y = seer ned of Boot 
¢ y= tanz and y= ote. nivvs Sem 


an = oo 


bd 


= 


, 
— 
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3. Differentiate the following functions: 
a. f(@)=tanoz, dy=2see%. 4g, ¥(6)=tanb—6 
b. y = tan (az + b). ey = 080. h. f (2) = log tana. 
&s=cot?t. I. ¢ = tan’9. i. f (2) = tan log z, 
4. In the following equations find the value of the deriva- 


tive for the given value of z: 


a. y=tan ~~ s2=1. Shera maps; oe 
is 
by =z cow, 2 = 7° ay= sec ns a = TF, 


5. Write out in full the derivation of the formulas for dif- 
ferentiating (2) cot u; (b) cacu. 

6. Find the slopes of y= tanz and y= at the origin. 
Sketch both curves on the same axes. 

4. By differentiating the formula sin 22 = 2 sin x cos z, 

obtain the formula for cos 22. 

8. Sketch the graph of y= 1+ 2 and the branch of 
y =seczx cutting the y-axis. 

9. Find the angles between the curves y = tanz and 


y= ete at their points of intersection. 


10. Find the maximum and minimum values of 27 — tanz 


for z between 0 and x. 


11. The distance of the head of a piston from the center of 


the driving-shaft is given by the formula 


Y=hk+7r0s6+ Vai —P sin’ 6, 
where « is the length of the connecting rod, k is another con- 


‘stant, r is the length of the crank, and 6 is the angle the crank 


makes with the horizontal. If the crank rotates at a constant 


angular velocity of 600 revolutions per minute, find the rate at 


‘(which the piston is moving when 0 = 90°; when 0 ='04 


a 


een tines aed ie using 
“ose gama | 


en 
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13. Find the rectangle of maximum perimeter inscribed ina 
circle, using trigonometric functions. 

14. A steel girder 30 ft. long is carried along a passage 10 ft. 
wide and into a corridor at right angles to the passage. The 
thickness of the girder being neglected, how wide must the 
corridor be in order that the girder may go round the corner? 

15. A tapestry 7 ft. in height is hung on a wall so that its 
lower edge is 9 ft. above an observer’s eye. At what distance 
from the wall should he stand in order to obtain the most favor- 
able view; that is, so that the vertical angle subtended by the 
tapestry at his eye is a maximum ? 

16. A body of weight Wis dragged along a horizontal plane by 
means of a force P whose line of action makes an angle x with 
the plane. The magnitude of the force is given by the equation 


cae m W 

~ m sing + cosz 

in which m denotes the coefficient of friction. Show that the 
pull is least when tana = m. 

17. A revolving light sending out a bundle of parallel rays 
is at a distance of 4 mi. from the shore and makes 1 revolu- 
tion a minute. Find how fast the light is traveling along the 
straight beach when at a distance of 1 mi. from the nearest 
point of the shore, 

18. An angle is increasing at a constant rate. Show that the 
tangent and the sine-are increasing at the same rate when the 
angle is zero, and that the tangent increases eight times as fast 
as the sine when the angle is 60°. 


198. Formulas of Integration of Trigonometric Functions. 
The six formulas of differentiation may be at once inverted 
into the following: 


(VII) J sin udu = — cosu+C. 


(VIII) f cos udu = sin u+ C. 
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(1X) ds sec?udu = tan u+ C, 
(X) [ose udu= —cotu+C. 
(XI) ak sec u tan udu=secu+C. 
(XII) f csc u cot udu = — csc u +C. 


To integrate tan udu, we proceed as follows: 


(fienudu= sinudu —- (-d(cosu) 
=f cosu ws Cos u 
1 


=— log cosu+C= +18 5 ge 
= log secu+C. 

Hence 

(XII) of tan udu = log secu+ C. 

Likewise, 

(XIV) a cot udu = log sinu+C. 


To integrate sec udu, we multiply numerator and de 
nominator by secu +tanw. Then 


[Ape (sec’u + sec u tan uw) du 
secu + tan u 


d(sec u + tan u) 
aim seers sec u + tan u 
= log (sec u + tan w) + C. 
Hence 


(KV) af sec udu = log(sec u + tan u) +C. 
Similarly, 
(XVI) if csc udu =log(csc u—cot u) + C. 


406 INTRODUCTION TO THE CALCULUS 


; PROBLEMS 
1. Integrate : 


a. ip tan axda. of (sec?x*) x dx. 


b. fos ese ~ da. be f se eae 
C see 2¢ tan 2¢ dt. i. es 6 + cot 6)?dé. 


(Ras 
cos?s 


e. f esc? ax dx. k. ig (sec x + tan x)*dx. 
a cos xdx 
J. f cov ae oh aan 


2. Evaluate the following: 


d. | csc2ycot2ydy. j. 


wv 


a. | “csctade c. [ “cot 2d 


! toy 2 
b. sls sect da. d. wf tan da. 
0 4 0 6 


3. The derivative of a certain function is sec?@ + tan 0, and — 
its value is 5 when 6= 0. Find the function, 


4. Plot the branch of the curve y= tan which passes 
through the origin, and give the equations of its asymptotes. 


5. Find the area bounded by the curve y= tan——;> the 
4 
x-axis, and the line a = 1. e 


6. Sketch the branch of the curve y = seo“) which crosses the 
y-axis, and give the equations of its retin 

7. Find the volume generated if the area bounded by the 
curve y = sec ——» the x-axis, and the lines x = + oe revolved 


2 2 
about the x-axis. 
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8. Find the length of the arc of the curve y = log sec x from 


=O0t Ts, 
x=O0tor= 3 


9. Find the length of the are of the curve y = tanz from 


x=QOtor= = Use Simpson’s rule, taking n = 6. 


10. Find the volume generated if the area bounded by the 


curve y = cot a, the z-axis, and the line x = 7 is revolved about 
the x-axis. ; 

199. Parametric Equations. For many purposes curves 
are represented by parametric equations involving trigono- 
metric functions.* Consider, as an example, the motion of 
a point on the rim of a flywheel 
of radius a feet. Taking the 
‘origin of codrdinates at the 
center of the wheel, the equa- 
tion of the path of the point is 

Es awl Se 

This equation, however, tells 
nothing about the motion of 
the point. In order to describe 
the motion of the point along 
its circular path, it is necessary to express x and y as 
functions of the time. Suppose x=acos7t, y=asin tt, 
where ¢ denotes the time measured in seconds. These equa- 
tions show (1) that the moving point starts at 4 (a, 0) 
when t=0; (2) that the motion around the circle is 
counterclockwise; (3) that one revolution is completed 
in 2 sec. The speed v is given by 


2 2 ee 
v= | ) abs (34) = Van’ sin? rt + an gost mt = 17d. 


* Compare § 90. 


Fia. 206 
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Hence the speed is constant, and equal to 7a feet per 
second. The direction in which the point is moving at 
any instant is found by getting the slope of the curve. 


dy 
PE Uh Be 
dx dx — 7a sin wt 

‘dt 


200. The Cycloid. A cycloid is the curve traced by a 
point on the circumference of a circle which rolls along 
a straight line. To derive the usual parametric equations 


Fic. 207 


of the cycloid, we suppose that the circle, of radius a, rolls’ 
along the z-axis and that the: origin is taken at a point 
where the curve touches the z-axis. Let P(a, y) represent 
the position of the point when the circle has turned through 
an angle 6. Then, in the figure, 


OB=are BP = aé, 
2=0A=O0B—AB=OB-—PD=a0—asin8@, 
u=AP=BD=BC—DC=a—-acos8. 


Bence the parametric equations of the cycloid of ‘the 
Bgure Ate 74(0 = nied abana Lote 
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Exampiy. Find the area of one quadrant of a circle by 
means of the parametric equations x =7 cos, y=rsin6. 


Solution. The area in question is easily seen to be equal to 


1 yda. 
0 


From the parametric equations, we have 
y=rsin@ and dx=—rsin 6dé. 
When x= 0, cos?=0 and O=73 when x=7r, cos?=1 


and @=0. Substituting these values, we find 


r 0 
A -[ yda =-ef sin?6d6. 
0 w - 
2 


This integral cannot be evaluated by formulas previously 
given. It can be integrated by parts (see § 202) or by means of 
the substitution sin?@ = } — } cos 26. Using the latter method, 


we find that BIN 
aa—5f (1 — cos 2 6) dé 


3 ‘ 
via 1 y 
=-5| [0-5 feos20-2a0], 
: 2 


yr? kd uo 
[o—ssin 20] 


ie) 
2 
Sete 
eae. 
sont! PROBLEMS 
1. Plot the graphs of the following parametric equations: 
a.x=rsind, y =r cos 6. c. x = 5 cos 6, y= 3sin 0. 


b. 2 = 1+ cost, y =sint. d.x=3cos6,y=5—5siné. 
e. x = sec 6, y = tan 0. 
2. Eliminate the parameter in each case of Problem 1 and 
name the locus. 
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3. Prove that x =a+rcos@,y=6b+rsin 8, are paramet- 
ric equations of a circle, and find the center and radius. 

4. Write parametric equations for the motion of a point 
on the rim of a flywheel making one revolution per second ; 
180 revolutions per minute. 


5. Find the inclination of the cycloid «= a(@— sin 8), 
= a(1 — cos 6), at the point where 6 = 47. 

6. Find an expression for the slope of the ellipse « = a cos 6, 
y = bsin 6, in terms of 0. 

7. Plot the graph of x = a cos*@, y = a sin*6. 

8. Find the slope of the curve in Problem 7 at the point 
where 6 = 30°. . 

9. The equations of motion of a point are x = 10sin¢, 
y= 5cost. Find the speed and direction of motion whent=0, 
47,37. 

10. A wheel of radius 3 ft. rotates at a constant angular ve, 
locity of 2 rad./sec. Using the parametric equations x =3 cos 6, 
y = 3sin 6, find the #- and y-components of the velocity of a 
point on the rim. Find also the resultant velocity and dinection 
of motion of the point when @ = 30°. 


11. A point moves in such a way that « =10(cos¢ + ¢ sin 2), 


y =10(sint—‘tcosz). Plot the path from t¢=0 to ¢=8, 
taking ¢ at intervals of 1 rad. 


12. In Problem 11 let ¢ denote time in seconds and find v,, v,, 
and v for ¢ = 2. 

13. Write parametric equations of the motion of a point on 
the rim of a wheel of radius 2 ft. which rolls along the ground, 
making one revolution in 2 sec, 


14. What is the speed of the center of the wheel of Rh 
lem 13? When the point on the rim is at the top of the wheel, 
show that it is moving twice as fast as the center. 


15. Find the speed of the point on the rim of the wheel of 
Problem 13 when it is on the same level as the centerofthe wheel. — 
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16. Using the parametric equations, find the length of one 
quadrant of a circle. 

17. Find the area of the ellipse « = a cos 0, y = 0 sin 6. 

18. Find the area of one arch of the cycloid z = a(0 — sin 6), 
y = a(1 — cos 6). 

19. Find the length of one arch of the cycloid =a (6—sin 6) 

= a(1 — cos 8). 

Been Simplify the integral by using the formula for sin . 


201. Powers and Products of Trigonometric Functions. Ex- 
pressions of the form sin” cos"udu, tan™usec"udu, and 
cot”ucsc"udu are frequently integrable by means of the 
power formula. The method is best explained by illus. 
trating it. 


ExAmMpiLE 1. Find the value of 4. Sin u cos*u du. 


Set v= cosu; then dv =— sinudu. Hence we have 


_[sinweostudu =— f wae 


vt 


eee Fg ha d 4 ; 
= 4 +O =—Foos'u + C. 


Examp.te 2. Find the value of Hn cos®u du. 


If we set v = cos u, dv =— sinudu. But no power of sinu 
occurs. On the other hand, cos wdu = dsinu; and, if this is 
factored out, the other factor, cos?u, may be transformed into 
powers of sin u by the formula sin?w + cos?u =1. Hence we have 


if cos*udu = ve (1 — sin?w)cos wdu 


cos udu — | sin?u cos udu 


= sinu — a sin? cos udu. 
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In this last integral, set v = sin wu; whence dv = cos udu, and 


oe 
’ sin? 
if sintu cos udu = Tee + 0. 


oe | 
Therefore if cos?udu = sinu — aoe +C. 


EXAMPLE 3. Find the value of | tan*wsectuduw. 


Set v = tanw; then dy = sec?udu. Hence we have 


f tan*u sectudu = oft tan*u sec*u sec?udu 
= f tan*u (1 + tan*w) sec?udu 


= yh tan*u sec*’udu + f tan®u sec?udu 


tanou , tan'u 
he ={: a + C, 

The essence of this method is to set v equal to one of 
the trigonometric functions and to factor out its differen- 
tial. The other factor must then be reducible to a poly- 
nomial involving only integral powers of the trigonometric 
function chosen. In order to use it successfully, one must 
be thoroughly familiar with the differentials of the trigono- 
metric functions and the three formulas from trigonometry 
which permit transferring from one function into another. 
These are given below, for convenience: 


dsinu = cos udu, d cosu=—sin udu, 
d tan u = sec*udu, d cot u=— esc?udu, 
d secu = sec u tan udu, d csc u=— ese u cot udu. 


sin?u + cos’u=1, 
1+ tan’u = sec?u, 
1+ cot?u = esc?u. 
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‘Since these formulas involve squares of the functions, 
the method is bound to fail in the following cases: 
sin”u cos"udu, when both m and n are even; tan™usec"udu 
and cot”u csc"*udu, when m is even and » is odd. In these 
cases the substitutions can be made, but the resulting expres- 


sion involves radicals. For example, take sf cot?u esc*udu. 


If we set v=cotu, dv =— csc?udu, and the result is 
f cot?u cse’udu = Mi cot?uV 1+ cot?u(— csc?udu). 
We get no better results if we try v=cscu. 


PROBLEMS 
1. Integrate 


a. f sin? cos x dx. g: ik cot?ada. 
b. {i sin x cos xdzx. h. sf cot®xdzx. 


c f cos’a sin x dx. i, if cot®x esctadz. 
d. 4 cos®2 6 sin 2 6d6. De i (tan t + cot ¢)*dt. 
é 4 oie ee k. af * sina cos*a da. 
cos? : 
1 
I 4 tan®a da. 1. if cos? —~ sin —~ de. 
‘ 2 Z 


__-Q. Find the volume of the ellipsoid generated by rotating the 
curve x = a cos 6, y = 5 sin 6, about (a) the x-axis; (5) the y-axis. 
3. Find the area included within the hypocycloid x = a cos*6, 
y=asin*é. 
4, Find the volume generated by rotating the curve in Prob- 
lem 3 about wither axis. 
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202. Integration by Parts. The formula for differentiating 
the product of two functions is 
du 


da t Cup yout achive 


or, in differential notation, 
d (uv) = udu + vdu; 
whence udv = d (uv) — vdu. 


Integrating both sides of this equation, we have 


(XVII) ‘te udv = uv — ne vdu. 


This very important formula is known as the formula 
for integration by parts. Its use will be illustrated by some 
examples. 


Exampte 1. Integrate f x sin xda. 


Solution. Comparing this integral with the formula, we 
have udv=«sinadx. This is the only relation which will 
guide us in the choice of the functions wand v. There are two 
possibilities : 

1. If u=a, then dv = sin xdz. 
2. If u = sing, then dv = xdz. 


Since the proper choice can be made only by experience, we 
will try each of the possibilities. 


1. If uw =a, we have du = dz, and if dv = sinada, we have 
vy=—cosx+C,. Substitution in the formula gives 


[esineds = 0(- cose + 1) f (cose + C,) dx 


=—xcosx+Ca+sing —Cex+cCc 
= sing —xcosx+C. 
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It will be observed that the constant C, cancels out of the 
final result. As this always happens, it is nee necessary to add 


an arbitrary constant when integrating dv to find v. 
2 


2. If u=sinz, du = cos xdz, and if dv= ada, v = i Sub- 
stitution in the formula gives 


2 
fesinzde =F sine — [F cosas 


Since the integral on the right-hand side is more difficult than 
the original problem, the second choice of u and dv is not good. 


EXAMPLE 2. Integrate fe xe" dex. 


Solution. Let UU = x. 
Then adv =.c az, 
and Ct = 2. dz. vy =e. 


Substitution in the formula gives 


[ees = ge" — 2 f aera (1) 


To find | xe*dx, we again use the method of integration by 


parts. 
Let “=z. 
Then dv = edz, 
and du = dz v=". 


Substitution in the formula gives 


[ree = ae — f eras 


= xe" — e*. 
- Substitution of this value in equation (1) gives the final result 
zt [eetaate— dart E40 
= &(a'—2u+2)+C. 
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Exampte 3. Find f sin’a dz. 


Solution. Let u =sinz and dv=sinazdz. 
Then du=cosxdx and v=—cos2. 


Hence Ae sin?adx =— sinx cosx + KE cos? dx 


=— sinzoose+ [Cl — sin*x) dx 


=—sinzcosz+2z — [ sintede, 
Transposing, 


2 f sinteds = 2 — sin cos@, 


MN ae oe Se 
fon ada = 5 9 Sinz cosx + C. 


Exampte 4. Find Me secadz. 


Solution. Let u = seca and dv =sec’xdz. 
Then du=secatanadz and v= tanz. 


Hence J sec’adx = sec x tana — f seca tan’xdzx. 


As in the previous example, we transform the integral on the 
right so as to get the unknown integral as one term. The proper 
substitution is jatiie.<= spot ed, 
which gives 


J setteae = seca tana — [ soa (socta —1)dz 


= seortane — secede + sec xdzx : 


f 


= seca tana + log(seca + tan x) —  secteds. 
Transposing and dividing by 2, we have 


f secteds = 4seca tanxz + 4log(secx + tanz) + C. 
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PROBLEMS 
1. Integrate 


a. He a cos xdx. é. f x tan?ada. rh fe x’sin «dx. 


b. f weed f. | xclogadaz. js { a*eos 2adu 


c. sf: xe~**dy, g. is log ada. k. if xe "da. 
d. fi x sin 2adzx. h. Ne x" log xda. if ip tan®a da. 


2. Find the area bounded by the curve y = loga, the z-axis, 
and the line x = 10. 

3. Find the coérdinates of the centroid of the area bounded 
by the arch of the curve y= sina between «= 0 anda=7 
and by the w-axis. 

4. Find the area bounded by the curve y = we*, the a-axis 
and the line « = 4. 

5. Find the volume generated by revolving the area of 
Problem 4 about the x-axis. 


203. The Trigonometric Substitutions. Many definite in- 
tegrals involve one of the three radicals Va?— wu’, Vu?— a’, 
and Va?+ u?, where a is some constant and w is a function 
of x Expressions of this kind can be freed of radicals by 
a proper trigonometrical substitution. These substitutions 
are as follows: 

To rationalize Va?— u?, substitute u = asin z. 

To rationalize Vu?— a’, substitute wu = a sec z. 

To rationalize Va?+ u?, substitute w= a tan z. 

For, in the first case, 


| Ve eave a? sin®z =V 0 (1— sin?z) =V a? cos*z = a cosz. 


The other statements are verified in like manner. 
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3 V4 a2 — 9 
Exampte 1. Find in terms of x the value of ap Se dx. 


Solution. Here u=2xanda=3. We therefore substitute 
2x2 =3secz, whence «= $secz and dx = 3 secz tan zdz. 
Therefore 


= J pi 
fe 9 = [ee Onaee 9 Dee waoae 
§ sec z “3 


= 8 { tanteds 


ea 3 f (costs —1)dz 
= $3 tanz—32+C. 
In order to get the result in terms of x, proceed as follows: 


2 ; 
Since 2” = 3 sec2, secz = Draw a right triangle whose 


acute angle is 2. Since secz = “2, the hypotenuse will be 
2x, and the adjacent side will Be 
be 3. The opposite side is then wie 
V 2 —, . 
V407—9 and tanz= eee —_ : 427-9 
Since sec z = “2, z is the angle of \e t 
be hiishad Siiaeordiaiglt <<- dies hlbbs aula’ Seaaneanane 
3 Fic. 208 
{ 2 
either seo1(= 4) or arc sec ae The latter symbol is eee ae ale, 


Substituting these above, we have 


V4z?—9 
[ee = VEER I — Bare 50022 +01 


x 


When the integral is a definite integral, it is usually better 


to change the limits of integration when the substitution is _ 
~ 


made, 
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Exampre 2, Find the area of one quadrant of the circle 
e+ y= ri, 


Solution. The required area is obviously 
0 
= f Vr? — atda. 
0 


Set «= rsinz; then dx =rcoszdz. When x =7, sinz=1 
7 
orz= 93 when «= 0, sine =Oorz=0, 


Therefore 


\ 
a= ft Vr? — r’ sin?zr cos edz 
= 7 fe cos*z dz 
0 
=r [E45 += 3 sim 2 COs “| Pay parts) 


7 : Fig. 209 


which agrees with the well-known formula for the area of a 
circle, 


PROBLEMS 
1. Integrate 


8 
a. { VP— wae g. | 2V9— x? da. 


0 


da 
eae 
de Uf ke pres» b. ( ape 
Rigeecese teen? +) ayere 
da ve da tf fae ie 
foe sar rf Vi — at 3) (+93 


2. Find the area of the ellipse 0*x” + ay? = at? 
3. Find the area under one arch of the cycloida=a(6 —sin9), 
y = a(1 — cos 6). 


420 INTRODUCTION TO THE CALCULUS 


4. Find the volume generated by rotating the area in Prob- 
lem 3 about the a-axis. 

5. Find the length of the are of the parabola y? = 2px 
between the points for which y=0O and y=>p. 

6. Find the volume generated by revolving one arch of the 
sine curve about the a-axis. 

7. Find the area bounded by the hyperbola x? — y? = a? and 
the line x = 2a. 

8. Find the area bounded by the curve 97? = 4(1 + «’)’ and 
the lines y= 0,2 = 0, anda=1. 

9. A horizontal cylindrical tank of radius 4 ft, is full of 
water. Find the pressure on each end. 

10. Obtain a formula for the area of a segment of a-circle 
of radius r units cut off by a chord distant a units from 
the center. 

11. Find by integration the volume of the solid in Prob- 
lem 19, page 330. 

12. Find by integration the values of the following definite 
integrals : 


a. Page 311, Problem 3. b. Page 313, Problem 2a. ~ 


COLLECTION OF FORMULAS 


GREEK ALPHABET 


Letters Names Letters Names Letters Names 

A @_ Alpha I ¢« tota P p_ Rho 

B 8 Beta K « Kappa = os Sigma 
[T y Gamma A 2d» Lambda Tatrio maw 

A 8 . Delta Mp Mu T v_— Upsilon 
Ee Epsilon N v Nu saa alee 1 | 

Z & Leta Be Al > a ana wi 

H yn Kta 6.2 Qmicton. 9 Ve Pai 

@® 6 Theta Lite rated Q @o Omega 


FORMULAS FROM ALGEBRA 
1_ Binomial theorem (n being a positive integer) : 


(a+ b)" =a" + nar +” sie 1) n—9 8 ee ies = 


* n(n—1)(n=2) +++ (N= +2) og rt ipr—14. AG 
(eee 1 
2. ni=|[n=1-2-8-4---(n—1)n. 
3. The solution of the quadratic equation az? + be +c=O0is } 


a —b+Vb? — 4ac 
- 2a 
4. When a quadratic equation is reduced to the form x? + px +q=0, 


p = sum of roots with sign changed, and g = product of roots. 
421 
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5. In an arithmetical series, 
l=a+(n—1)d; $= S (a+ ) == [24+ (n—1)d]. 


6. In a geometrical series, 


FORMULAS. FROM GEOMETRY 


In formulas 7-20, r denotes radius, h altitude, B area of base, s slant 
height, and @ an angle measured in radians. 


7. Circumference of circle = 2 ar. 
8. Arc of sector = ra. 
9. Area of circle = zr?, 
10. Area of sector = } ra. 
11. Volume of prism = Bh. 
12. Volume of pyramid = 4 Bh. 
13. Volume of frustum of pyramid = $A (B, + B, + VB,B,). 
14. Volume of right circular cylinder = wr2h. 
15. Lateral surface of right circular éylinder = 2 ark. 
16. Volume of right circular cone = }arh. 
17. Lateral surface of right circular cone’ 7rrs. 
18. Volume of frustum of right circular cone = 4 wh(r? + 72 + Ty72). 
19. Volume of sphere = 4 77°. 
20. Surface of sphere = 4 7?. 


a 


FORMULAS FROM TRIGONOMETRY 


1 1 1 
21. cotz = ——; seca = —— ,regnt 5 — 5 - 
tan x cos x sing 
sin x “ .@osa 
22 


. tane = ——_; cotz = ——_. 
cos £ sin © 


23. sin?a + cos?z =1; te tan?a = sec? ; 14 cot?” = ese2az. 
24. sin(r—a)=_ sing; sin(# +2) =— sina; 

cos (7 — £) =— cose; cos(7 +) =— cosa; 

tan(7— 2) =—tanx; tan(ir+ev)= tang, 
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25. sin § — x) = cosz; sin (F + x) = cosa; 
cos (F —_ ) = sing; cos ¢ + *) =— sing; 
2 2 
tan (§ _ z) = = cote; tan(# + e) =— cots. 


26. sin(w + y) = sina cosy + cosasiny. 
27. sin(« — y) =sinz cosy — cosz sin y. 
28. cos(x + y) = cosz cosy — sing sin y. 


29 


cos (x — y) = cosx cosy + sina siny. 


30. tan(@ + y)= ae 31. tan (x — y) = tan z— tany 


—tangtany 1+tangtany 

: : : 2 tan x 
32. sin22=2sinz cosz; cos2a=cos’?a—sin?a; tan2a—=——. 
s 1— tan? 

bn td & x, 2tan5 

33. sinz=2sin—cos—; cos” =cos?——sin?=; tang = 

2.2 2 ae gt 

1— tan 2 


34. cos?z = ai apld sin?z = }— } cos2z. 


35. 1+ cosz = 2 cost; 1— cosx7 = asin? =. 


ae 1— cos¢ oe 1+ cosg 

36. sin5=+ —— ; Si tai = sated 
tan ee FT=eosr\ 
2 Vig cos x 


37. sing + siny= 2.sin (a + y) cos} (x —y). 
38. sing — siny = 2cos3}(x+ y)sin} (x — y). 
39. cosx + cosy = 2cos 3 (« + y)cos}(a—y). 
40. cosa — cosy =— 2sin} (x + y)sind («& — y). 
Al. Bie ; law of sines. 

snA sinB sind 
42. a? = b? + c? — 2be cos.A; law of cosines. 


43. Area of triangle = } bc sin A 
Pa asin B sin C 
~ 2sin(B + C) . 
= Vs(s — a)(s — b)(s —¢). 


s=}h(atb+e). 


424 


44 


45. 


46. 
47. 


48. 


49. 
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FORMULAS FROM ANALYTIC GEOMETRY AND 


CALCULUS 
. Distance between two points, p. 9. 
d= V (i — 01)? + (Y2 — 4)? 
Slope of line joining two points, p. 17. 
m= Yor Nh Eis 
aD era 
Mid-point formulas, p. 9. 
ty + 2, wt 4s 
es Wa elf = it 2 
2 
Point dividing a segment in a given ratio, p. 13. 
at, » nts 
1l+r 1l+r 
Angle between two lines, pp. 20, 21. 


t= y 


Condition for parallelism : mM, = M, 
Condition for perpendicularity: mym,=—1 
Mm, — M, 
1+ mm, 


tan@ = 


Equation of a straight line, pp. 26, 28. 
Point-slope form: Y — Y, = m(x — 2%) 
Slope-intercept form: y=me+b 


Two-point form: EARL A lel "Pace 


Intercept. form: pale 2 le | 


50. Distance from a line to a point, p. 41. 


q= rm? 


Vm +1 


51. Equations of curves: 


Circle with center (A, k) and radius r, p. 195. 
(@@—hP +(y—ht = 7? 


Parabola with vertex at the origin and with focus on the z-axis, 


p. 210. yt = Qpe 
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Ellipse with center at the origin and with foci on the &-axis, p. 228, 


gy? 
ao 

Hyperbola with center at the origin and with foci on the z-axis, 
p. 2380. gq? y2 is 
a 


Equilateral hyperbola with center at the origin and with the coér- 
dinate axes for asymptotes, p. 286. 


sy =C 
Other curves with historical names: 
x zx 
Catenary : Bice 1G + ~*) 
Cissoid: y? (2a—2)= 28 
Conchoid: xy? = (y + a)? (6? — y) 
Cubical parabola: af = ge 
Cycloid: «=a(@—sind), y=a(1—cosé) 
Folium : 2 + y8 —3ary =0 
Hypocycloid of four cusps: ai + ys =a’ 
Lemniscate : (a2 + y?)? = a? (e? — y?) 
Parabola: Vat+ Vy =Va 
Probability curve: y=e-@ 
Semicubical parabola: | y? = aa 
Strophoid: (a—2)y? =(a+ 2)? 
Witch: See A. 
a? + 4a? 


52. . dius of curvature, p. 263: : 
2 
R= pia el aa i ) 


53. Formulas for differentiation, pp. 115, 367, 372, 398, 401. 


d 
. gn = nznr-l, 
(1) hg 
d 
rel. 
(La) 


d 
c= 0. 
(1) : an” 
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112 peeiesanae v Sut nate. 
« GY). = (uo) =u + ot. 
At d dv 
IV — =c—. 
qv a) =, (e) =o 
=e yee. wee 
s dh (Blas 
dx \v] — v? 
(V1) 1 BD, 
de dudz 
d du 
VII — yr = nyr-1—. 
(VII) a nu + 
(VIII) oy! 
7 dx dz 
dy 
(IX) Flog y aa 
Lai 
(IX a) < loge ==. 
Bs 5 ld 
(IX b) = bau = = 5 lobae. 
d 0.484 du 
(IX c) tee ee aad 
d du 
x —at= av] —* 
(X) ah a Cees 
(Xa) , fo = a*log a. 
(Xb) pened, 
(Xc) _ Bone. 
de du 
XI — SL = — 
(XI) as nu BORG 
(XII) 4. cosu =— einu®. 
dx 


(XIII) - tan u.= sec?u “ . 


. 


(XIV) 


(XV) 


(XVI) 
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riot a =—  Wscsedl 
dz dx 
nape hes ana 
dz , dz 


d du 
— cst u =— cscu cotu—. 
dx dz 


54. Formulas for integration, pp. 269, 379, 404. 


(I) 
(11) 
(11) 
(IV) 
(V) 
(VT) 
(VI) 
(VII) 
(VIII) 
(IX) 
(X) 
(XT) 
(XI) 
(XIII) 
(XIV) 
(XV) 


(XVI) 


fausaurte. 


JF@ + g@)laz = [F@de + f g(a)ae. 


fadusaf du 


yntl 
furdu==— +0, trea 
n+1 
[ts togu +e. 
u 
foevdu =er+d, 
fvrdu spear +C. 
log a 
fsinudu =— cosu +0. 
fcosudu =sinu +0. 
ff seotudu =tanu+C. 
ff csc?udu =— cotu+0. 
Jsecutan udu =secu+C. 
fooscu cotudu =— cescu+C. 
f tanwdu = log secu + 0. 
fcotudu = logsinu +C. 
f sec udu = log (secu + tanu) + C. 


foscudu = log (csc u — cot u) + C. 
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55. Approximate evaluation of I= Hf °F (x) da: 
The interval b — a is divided into n parts, each equal to Az. 
Let the abscissas of the points of division be 
Lp = A, Ly, Lay > Ly = 0. 

The corresponding values of f(x) are 

Yo =F (®o)s 1 =F (1) + Un =F (an): 
Trapezoidal rule (any number of parts) : 

T= (SY +, + +++ + Yn-1 + $n) At. 

Simpson’s (parabolic) rule (even number of parts, n even) : 


A 
L=(Yo + 4y, + 2y, +44, + 2y4+ cee thy, at = 


ANSWERS 


Nots. In calculating the following tables of answers, results invoiving 
exponentials and logarithms were calculated with the aid of four-place 
tables. Angles expressed in decimals were obtained by means of four- 
place tables ; those expressed in degrees and minutes were obtained with 
five-place tables. If tables correct to more or fewer places of decimals 
are used, slightly different results may be expected. 


Pages 4, 5 
7. a. 32. 6.380. c.24. 4d. 82. 


Pages 14-16 
9. a. 26.32. 


Pages 23-25 
4, 56.01°(56°1’). 5. 73.20° (73°12’). 6. 0.6602 or — 16.67. 

10, a. 49.76° (49° 46’), 55.31° (55° 18’), 74.93° (74° 56’). 

b. 35.849 (35° 50’), 49.76° (49° 46’), 94.40° (94° 24’), 

c. 48.17° (48° 11’), 55.63° (55° 37’), 76.20° (76° 12’) 

d, 22.88° (22° 22’), 87.88° (87°58’), 119.74° (119° 45’). 
11. b. 78.69° (78° 41’), 101.31°(101°19’). ©. 60.47° (60° 28’). 
12. b. 45°, 90°, 90°, 185°... 71.57°(71° 84’). 
18. b. 45°, 135°. c. 86.87° (36° 52’). 


Pages 32, 33 
2. i. 122.47° (122° 28’). iii. 119.74° (119° 45’). V. 2.73° (2° 44’). 
ii. 36.87° (36° 52’). iv. 85.60° (85° 36’). vi, 82.88° (82° 53’). 
10. c. 71.57° (71° 84’), 41.63° (41° 38’), 66.80° (66° 48’). 
12, c—4y7+26=0, c—4y—8=0, 42+y-— 382=0, 4¢7+y+4+2=0. 
13. 82+ 2y = 24 or 274 + 2y = 72. 


Pages 35, 36 


6. C= (3, —2), R=5. 12, Length = 2 V5. 
8. C = (74, — $2), R = 7.27. 13. Area = 5. 
9. (— $9, 228). 14. Area = 20. 
11, Length = $V 10. 18, C= (48.36, 44.90), area = 2246, 


19. C = (18.21, 10.47), BO = 10.69. 
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Pages 45, 46 


4, a. 26. b. 87. c. 35. d.%5. 18. 84+6y—38=0and 32—14y—3=0. 
5. 184.5. 14. C= (2, 4), R= 2V5. 


Pages 47, 48 


1. c. 15. €. 45°, 26,56° (26° 34’), 108,44° (108° 26). A. C=(3, 0), R=5. 
4. c. 80. d. 90°, 53.18° (58° 8’), 36.87° (36° 52’). 
ey—38=0,382+y—15=0,0—-y—-1=0. 
Sf. Cim (4, 8), Rie V5. 
g.t+2y—10=0,27+y—11=0,227—y—5=0. 
h. (2, 4), (5, 1), (5, 5). 
7. a. 80.51° (30° 81’), 59.49° (59° 29), 90°. 
b7+8y—9=0,77-—9y4+2=0,77+y—8=0. 
ce. C=(1, 1), Rae: 
d.324+4y—7=0, 4a—3y—1=0, 1244 5y—17=0. 
é. (= 3, +3), (4,4, 43), (#3; - +4). 


Pages 60-62 
8. 3. 8d 10.a=5,b=3,c=—1. 
9. a=V28,b=V28. 16. 7224 l4ay— Ty?— 1204+ 36y —36=0. 
| Pages 64-66 
1. a. 262—16y=59. Bx=y. 
2. a. y?+44n—220=0. b.22?—6y+39=0. 
3. a. y? +482 —288=0. b.22?—10y+55=0. 
4. vy = 16. 
5. av? + y? —824+10y ~59=0. 
e. 2? + 72 — Qhe —Qhy +h? +2 —7? = 0. 
6. e+ w—8a2=—0. 
7. 224 y?— 9x0 —9y + 86=0. 9. e2 —y? —2=0. 
8. 2?7—6y—9=0. 10, #2? + y?—627+4=0. 
11, 4.202 = k. ba? + yh = 5 — 26, oe eo paame 
12, 2? + y? = 100. 
13. a. 32?— y?4+.82%—16=0. 14, a. 0? -— 382—4y42=0. 
b. a2 + y? + By =16. b. ay—e—14y4 46=0. 
€. 9x? 4+ 25 2 = 225, ; c wy—4e—2y+4=0. 


16: a.'xv='3: 
b. 2? — 624+ 18y—72=0. 
C. a? + y2 = 86. 


LBNSWERSICOUUOMTL «6 age 


Pages 67, 68 
1. (2, 4), (0.5, — 2). ~¥ 7. (3.45, 2.08), (+ 8.45, +-2.08), 
2% (4, — 6). - J (2.03,3.45), (— 2.08, — 3.45). 
4, (4, — 9), (—4, — 9). 16. 15.748. 
ates Ty (9.59), 17. 2.121. 
13. (0, 0), (1.78, 0.48), (— 1.78, — 0.48). 18, (1, 1), (= }4, 344). 
Ls. (6, — 4), (— 1, —*6); 19, m? <20. 
Page 69 
5. 48. 9. 9a? — 16 y2 = 144, 
8. 1627+ 25 y2= 400. ll, 224474 10y—26=0 


Pages 74, 75 
ld y= tuve?—2,¢=4+ Vit Vi +1. 


8. a.— 0.11. 6. — 0.158. c.— 8. dd. 4.62. ¢€.0.801. f. — 0.04. 
9. b. Ay = 3u7Ax + 3a (Az)? + (Az)8. 
— 86 Ar 
oA ——. 
v a? + cAx 
f. Ay = (2am + b) Ax + a(Aa)?. 


_ Pages 82, 83 } 
. Ay = 0.125. 6. a. —4,—3.5. ¢.0,—0.5. 7. 2.38. ¢.0. a — 2. g. — 3. 


4 
8. a. 71.57°(71° 34’). ¢. 0°. e. 148.189 (148° 8’). g. 148.18° (143° 8’). 
Gra = 8,3, 13;4, 6. i —~ Co — 9,0, 2/6) 
b. 3, 0, 3. jm=8e'—2e. p.m=82? — 3. 
A weed wD 
Rep e eT Ge 4 2y8 ~~ ge 
@. 28,0, 8.1. 4, (9,059, 
Pages 91, 92 
c. 3a7—1 ‘ ~ ge IG 2)? 2 x? fg 
: E 2 — 2az 
4, eli = 11. ae 3. ij 2\2° 
 (t— a)? (+1)? e (27 + a?) 
1 
be #6) = 12 
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Page 94 


.a@8 638,-8 d—% g —4,-2 

a. (6,18). B. (42, §). © — Bs (-h Ye h (42, 44) 
8. a.y=8e—2,y=32+4 2. 

by =8x—12,y=— 38248. 

d.42+8y+24=0. 
g.e2+2y=4, 824+ 9y=16,82+4 2y = 48. 


ore 


ay al 
6. dt > a“ 
Pages 100, 101 
2, a. 202% — 627. 4. att opie 
c. 64 — 5. an & _ 
e. 83 219 — 68.28. b.—}ha *+h0 3. d. pees 
Be c. 4t(@—1). Va 
fay engl Mak d. 8 (t—1)%. ees 
zee af 
g. — ¥. b. & 
b. 8a + * es ee 
Ie oa 
c oo 242 c. 4.494, d 3 
d. 1,69. €. — 34 
d 2 12 3 tf f. 
| a. i B 6. Meee Pe a 
: 20 3 A ie a hee 
Va 2 h +} 
Pages 107, 108 
2. a. 1428 + 1248 + a g. 824 4t—1. m. 2 az : 
: 3 a 922 (22 + a?) 
“(= 52)? “@-ay a 
L— 
Be me eee ee a al a 
cs (a? ES 2a)? ‘i (al— 3.2)? = 
1 ” Vat 4-Vayt 7 
d. ba-t4a-t+e-F, ST a 2° — 16 a8z 
dea, a iy 1) ‘@riae 
e. a) A Bee — 3228 
wo 323 (2 + a3)? Tae 
Ts _2(@—1) _ 4 at a2 — x2 


(tier era are a 
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8. a. 3. e. — 2. 6i(—1/=2). 10, — 4. 
b. 3. f. — 0.1892, 7, 45°, 1o(i- 8); (—1/— 8). 
c. 0.14) 4 =1. 620,4-}: 19, — 3 
d.36, 5b e+2y=4. 92,36. 
Pages 112, 113 
Lan, ,Gi-2vuery gi ptee, 
Va We (2a + 9)? 
if ee rae rae 
(a? — a)# "V9—= a2 
Ff. —$V2—382. b = 
4 32? ‘avat — a2 
2V14 23 pe 
Pi aoa aa sl “Nee 
(2? + 4a + 10)% 2 
, 882+) d ~Vat— ot 
2(32)% at 
. 2a—8t §. a. (+1, + 2). 
J. dN Gg De b. (0, 0), (1, 1), (2, 0). 
k. — 6u(4— 2). c. (0, —1,) (2, — 5), (—2, — ). 
22 7. 158.48° (153° 26’). 
“Gd —2F 8. 32—4y=10. 
Page 117 
2. a. 3. 
| Sapa ae a8 
4a eee) c. 1.624 
pees Se d. 0. 
(a — ?) g- (a— 2) Va? — x @. w. 
6 
12% — 5a? -3 6Vys 
———————* h. (1 — v?) ; 3. a. TS = 
2V3—<2 : 18 BVy+4vVy 
4420. Oe A Ee Sa Phe Aber lp 
V44 (4— 32%)? tf me D YB 
14—92 . 8a—22?— 22% V4 — yp? 


6." _[— C. 
avi—sz. V8 AVG —By 
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Pages 121, 122 


1. a. 2a + Y, @. Avery vot, 9, c. 18a-4— 242-5, 
by —& Avay +e  — d.160t84+ 84t-5— 601-8. 
y— 2ay _2veyt+y  — e —120a-7— ga-F. 
‘a — 2ay + 3y? 2Vay +2 PES 
2 3/9 at 
PRU ak SNe . dere = ; j. 2u-8 + 62-4 — 122-5. 
8y+a241 * 
h ay — 2? ins k. 3273 4 isa, 
pee ED | Hina Lies 
* B8a+2y 8. —1. ‘ t* 
Pages 125, 126 
1. a. (= 8) — 9): & -GV55, 
b. (— 3, 42). 8. §-V17. : 
& (ab 1, 2). 9. a. 30.96° (30° 58’), 108.43° (108° 26’). 
2. (4, 2). b. 86.87° (36° 52’). 
8. (+ 2,1), (2-8, 8). c. 45°, 185°. 
4. (— 3, 8), (— 3, 3. d. 71.57° (71° 84’), 161.57° (161° 34’). 
§.a.2e2+y=0,e7—2y=0. €. TL O22 (Ide 13). 
b.2a—y=5,t+2y4+5=0. Ff. 108.48°(108° 26’). 
c.2—8y4+10=0,824+y=0.  g. 16.27°(16° 16’), 163.78° (168° 44’), 
| 
6. V80. 
Pages 131, 132 
2 
1. Ase. 9. 6 = 212 — 0.002%, 
v 
5. V = mr? (84 — 227); IOP? oar 
5237, 6783, 6650. Te 
eels ) 1, v= V2 9s. 
Me Big 12, A= Ne 
M = 2ar? + — 
| eas 13, When ¢ = 8} sec. 
91.47, 83.18, 85.67. nis 
pei 15, 19 = 12800,000,000 - 95.18 I, 
& y= —__. 7 
V1+ m2 16, t= 0.5547-V1; 0.8125 ft. 
Pages 138-140 
8. P=2e4 >. 1, G2 Ot See ied ot ee 
n z 


9 A=ev25—2?, 12. F=3C432. 16. V=42%— 600? + 1502 
17, A= 5266 — a. 18. P= 20 + V256— a. 
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Page 143 
6. a. Increasing when t<3}; decreasing when t>3}. 
b. Always increasing. 
c. Increasing when 0<r<8.93; decreasing when r<0 and r>8.93. 
d. Increasing when x > V12 ; decreasing when 2< V12. 
Ff. Increasing when 2 <1.962 and «>6.3871; 
decreasing when 1.962<2<6.371. 


Pages 153-158 


1. a. Min. (§, — 48). 10. 4.90 ft. x 8.27 ft. 
b. Max. (4, -*,2). 11, 550.8 cu. ft. 
c. Min. (2, — $), max.(—1, 42). 39 Vg, 2%. 
d. Max. (— 3, 2), min. (— 5, — 2). 3 3 
e. Min. (8, — 9,2), max. (— 2, %2). 18. a x a-V3. 


f. No min. or max. 14.°¢V2% a fk 
g. Min. (— 1, — 1), (1, — 1); 2 
max. (0, 0). 15. 100 sq. rd. 


h. Min. (— 1, — $$), (2, $$); - ay? ook 
max. (— 2, — ¢$), (1, #8). 18. 28in 
i. Min. (0, — 4), (2, — 4); 18 bin 
max. (1, — 8). 4 orve 
j. Min. (0, 0), max.{+ V8,9). 20. a. V 464 — 5.29in. 
k. Min. (2, 12). ™s 
1. Min. (+1, 2). b. = = 4,20in. 
m. Min. (1, 4), max. (— 1, — 4). e. 
n. Min. (— 1, — 8), max. (1,8). 9, 49 3/18 a7 oft, 
2. a. 10, 10. o 


b. 10, 10. go, 47h. 
c. 10, 10. 27 
d.1, 19. a3. Va. 
3. 40 V2 rd. x 80 V2 rd. 8 = 
5. 20-V2in. 24, h=6-V3in., r= § V6 in. 
6. 3.5in. %.h= ie r 4 
7. 24 ft. Vv. 
8. 2.94 in. 26. Altitude of cylinder = alti- 
_ 9, 7.7 ft. x 7.7 ft. x 13.5 ft. tude of cone. 
27, 18.6 mi./hr. 82. (6, 8). 41. a. 2a, 20. 2 
28, 75. 33. (+ V8, 2). b a+ atts, b + a3b3. 
29, 16square units. 3g, 2. a+ Vab, b+ Vab. 
80. av2 x b V2. 37, AC = 76.14 ft. ga CTP G+ 


81. 447. $8, 6.18 ft. a b 
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Pages 162, 163 


3. 1 = 999.62 + 0.019 T. 6. p= 759.17 — 0.08383. 8. d=15 — 0.0848. 
4 1=4+4 0.125 w. it joltste ey 9, 0.64 in./min. 
Pages 169-171 
1, a. 5.625. ~~}, 2468 cu. in./in., 739 cu. in. 
b. 3. 12. 18.8 mi./hr. 
c. 1.89. 18. a. 51.5 mi./hr. 
2. Approximate change iny =— 1. b. 3.45 P.M. 
7. 80ft./sec., 128ft./sec., 12.96 ft. c. 70.7 mi. 
9. a. — Z§ ft. per second per 14, 7.9 ft./sec. 


second. 16. 0.054 sec./in., 0.0108 sec. 
V2 17. — 0.035 lb. per square inch per 
. — —ft. d pars 
b 16 i Ber Sogempgr cubic inch, — 0.35 Ib./sq. in. 
second. 


Pages 174, 175 


1. 1.06 ft./sec. 9 6 ft./mi 
2, When bottom is 16.97ft. from agg 1/2 
wall. 10, a. — 1567 cu. in./min. 
3. 0.52 in./sec. b. — 118.6 sq. in./min. 
4. a. 5 mi./hr. 11, 107 cu. in./sec. 
b. 2 mi./hr. 12. 6. 1 unit/min. 
§. 3 mi./hr. 14. —0.1 ft. per second per minute. 
6. 6.66 ft./sec. 15. — 5}, units/min. 
8. 5.33 sq. in./sec. 
Page 180 
1. a. (1—7 2%) (1— 2?)2dz. Qin = \ dz. 8. 0.081. 
£ 
_ —(2+42)da ty ee 4, 2. 
ugh BA Rnd ree Padi 6. a. — 0.6 
8e2tV1i+e y? — ax ie * 
—=b. 0.2. 
gh : ec os dz c. 0.6 
(y + 1)? ay ay 
ney ‘ d. 0.4 
e--—_—_.— di. d. — =dz. 7. 0.01. 
2V1+t ¥ 8. 1060. 
(2a — 8bz) — 2ay? dz 
Sf. -———— az, * saya 
2Va— ba 


5. 


a, 


6 


: 


. a. v= 3.008 down, 


Lv—y?=4, 

a =179,2° 
(179° 12’). 

b. v = 4.472, a = 26.57° (26° 34’). 

c. v = 6.083, a = 80.54° (80° 32’). 

d. v= 8.606, w = 56.31° (56° 19’). 

e. v= 12.65, @ = 71.57° (71° 34’). 

ff. 0= 4,472, a =153.43°(158° 26’). 

g. » = 12.65, a = 71.57° (71° 34’). 

h. v = 20, a = 86.87° (36° 52’). 

i, v = 1.458, a = 59.04° (59° 2’). 

Pe Viele O02. 
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Pages 183, 184 
. 2arht, 6. a. 3.26 ft. 10. 0:0405. 
ene 32.2 (21,000,000)? —b. 0.00153 sec. 11. Error=40.2cu.in. 
a 2 c. — 2min. 12sec. 12, 1.3 H.P. 
b. — 0.064. 7. 1.2, 65.2, 62.8. 18 1 i 
Error = 0.0058 in, 8. 0.198. 1894 
Pages 186, 187 
. Error = 0.5%. 7, 2%. 8. 32.20, 0.022, 0.07%. 9. 498 ft. 
Pages 193, 194 
. a, 22y = 1, 4,v0=16.28, N. 10.62°E. (N, 10° 
b y2= 87 E.) 
2 y= 28, §.2=6+448t y= Sf t. 
g. y? = (z — 1)3. 6. a. v= 1.505, a = 181.63° (181° 


38’). 
b. v= 5.408, a= 56.319 (56° 19’). 
c. v= 12.17, a = 9.46° (9° 28’). 
doy =2, a= 0°; v= 2.236, 

a = 158.48° (158° 26’). 
= 2V2, vy =— 2V2, a=185°. 


9. (—8V2,8V2), (8V2, —3-V2). 
0 -¥8,2), (0494.2) 


Ll, vp =+ 7,2, ty = F 36. 
12, v, = 120 — 82.21. 


Pages 200, 201 


eg2+y2+t4xe—14y+49=0. 
i. 2? + y? = 18, 
j. 2224 2y?—42—8y—15=9. 
a. Length 5V2. 
b. Length 2 V5. 


. 202 + 2y2 =k — 2%. 


(@+ 8c)? + y=4k 
or (x — 8c)? + y? = 4k, 


. 22 + y2?—164"+ 48=0 


4+ y2—ba+ by +8=0. 


e(1 + k?) eri 
o= (4 -h 10)or 1 


13, a.4a—8y=8, 847+ 4y=6. 
by =—2,y=—4;27=4. 
ce. 6%+12y =— 52, 
12”%+4+ 5y =78. 
14. a. 45°. e. 45°. 
b. 90°. f. 66.25° (66° 15’). 


c. 45°, g. 71.57° (71° 84’). 
d. 45°. 

15. a. 63.48° (68° 26’). 
b. 90°. 

16. 60°. : 

17. 60°. 18. 63.43° (68° 26’). 
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Pages 207, 208 


2. e. x24 y2—202—8y+16=0 or g? + y* — 62a-+ 24y4+144=0. 
f.22+y2—424—4y =0. 6. a. 
g. 2 +y2?—26 24+ 26y+169=0. 8. 5.81 x 2.07. 
h. 22 + y2? + 40 — 8y = 82. 11, 45°. 


8. a. (2, — 8), (8, 2). 12. a. (w — 2)? + (y + 2)? = 25 

b. (0, 0), (8, 4). or («7 — 2)? + (y + 2)? = 225, 
4. 38. ee b. a2 + y2+ 14a + 4y + 17=0 
5, Length a V2, width aay or 224+ y24382+4y+4329+0. 

Pages 213, 214 

3, a. a2? + 16y=0. 10. a. (2, 1). 

e. yA =— 18a. b. (4, 1). 

f. yA = 92 or 827 = 8y. c. (— 3, — 8). 
4, (}, 1). d. (}, 3). 
5. a2 + y2—10a=0. 12, a. 12.53° (12°32’), 63.48° (63°26). 
6. 0°, 8.18°(8° 8’). b. 76.1° (76° 6’). 
9. a.2—4y46=0,4e4+y=27, © 108.43°(108° 26’). 

bwe-y=4,0+y=12. 13. tan @ = 3. 

14, 13.86 x 4. 


Pages 220, 221 


4. a.07—44+16y—44=0. 7. (5, — 7). 
b. o — 8a —12y + 28=0. 9, 18.92°(18° 56’). 
c.y2—6y4+162—23=0. 10, 4244y=25. 
d. y? —4y — 20% + 24=0. 11. 71.57°(71° 34’), 30.96° (80° 58’). 


aa 12, (44 4-62, }). 
5. Vertex (3. <). 13. A= bg , 
6, (2, 4). 6 15. 60, 47.8, 87.8, 30, 24.4, 21.1, 20, 
21.1, etc. 
Pages 227, 228 “ 

1. a2 4 4y? = 64, c. 18.43°(18° 26’), 21.87°(21°%2"). | 

8, 622? + a?y2 = a%b?2, d. 71.57° (71° 34’), 
10. ¢—2y=7,20+y=4. e. 100.46° (100° 27’). 
ll. o+2y=6,2+414y= 30, 14. (3, 48), (— 8, — 4,8). 
12, (0, 8). 15, Speed 2.062, a=165.96° (165° 58’), 
18, a. 90°. 17. 2ab. 


b. 42.08° (42° 6), 18, 2y+b=0. 


ID P oo 


. Max. 7s) aead ay min. pt. (14 Ma, a 
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Pages 235, 236 


25 a? — 144 y? 4+ 3600 = 0. 8. 8a—5y+16=0. 
. a. 52—4y=9,404+5y=40. 10, 22.62° (22°37’). 
6.164% + by = 89, 13. Decreasing ? units/sec. 
56%—16y = 100. 14, 2.54 x 7.44. 
2Qe—y=43. 15. (5, 8). 
Pages 237, 238 
442 — 42 = 8. 8. 5.19. 
eet y 11. a. 49.4° (49° 24’). 
b+a b. 72.26° (72° 15’). 
a(S, C= So -= 6): c. 30.96° (80° 58’). 
aer+y=—4,7e—y+12=0. d. 16.26° (16° 16’). 
b. 8a — 2y=24, 22+ 8y+10=0. 14,k=+48. 


c. 8%— 2y+ 25=0, 224+ 3y=18. 


Pages 249, 250 


. Max. pt.( v6, eae), min. pt.(— V5, eau), infl. pt. (0, 1), 


slope 5. 
Max. pt. (— 1, 4), min. pt. (0, 0), infl. pt. (—4, 4), slope — 3. 


ss Me infl. pt. (1,0), 


slope —1. 
Max. pt. (0, — #), min. pts. (E28, —2 ®), infl. pts. (+ 2, — 2,3), 
slopes += 48. 


. Max. pt. (0, 4), min. pts. (+ 4-10, — 9), infl. pts. (+ 4-V30, 32), 


slopes F 4,2.-V30. 
Max. pts. (1, 38), (— 2, — 4); min. pts.(—1, — ?§), (2, 4 $); infil. pts. 


1 3 V'10). 
(0, 0), (2 = V10, + Dad slopes 4, — 2. 


. Min. pt. (1, 3), infil. pt. & v2, 0), slope — 3V2. 


Min. pt. (3, § V2), infl. pt. (—1, 0), slope 5. 


20; Vet 8, + 3-78). 


Page 256 
Min. pt. (0, 2), max. pts. (4 v12, 14), infl. pts. (+ 2, 26). 


; V3 1 
. Min. pt. (0, 0), infl. pts. {+ aw Ve asympt. y = 1. 


Z } Pe or ee 
Max. pts. (+ V2, 4), min. pt. (0, 0), infl, pts. lene rar 
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8. Min. pt. (2,-3), asympt. c= 0. 
9, Max. pt.(— 2/2, — $V), infil. pt. (2, 0), asympt. « = 0. 
12. Max. pt. (0, 2a), infl. pts. (+ slot =) asympt. y = 0. 
v3 2 
14, Max. pt. (— 3, a\85); min. pt. (2, — gh8Ps); infl. pts. (0, 0), 
(2 8V2 _ 567 ay 


“qo ’ * 25000 i” 
16. Max. pt. (0, 0), min. pt. (V2, _ S520), infi. pt.(W yy, _ 130-10): 


Page 260 


Ve N12 ve Vi2\, 
Je min. pt. 3 
4. No max. or min. pts. 
6. Max. pts. (+ 2 V2, 8), min. pts. (+ 2-2, —8). 
8. Max. pt. (! 2Vv8 us, min. pt. fans _ Avs). 
8 8 3 
10, No max..or min. pts., asympt. « = 2a, 


12. Max. pt. = $$, infl. pt. c= Ay. 
14, Asympt. 7 =1,7=8. 
16. Max. pt. (0, 4), min. pt. (0, — 4). 


2. Max. pt. cS 


Page 264, 265 


hi a R=4V2. ir=i,p=%2. % a. 
er 8 fF RaSh 8. a. (Vas, V(a5)?)- 
oR=18 ae 9g, Catt atyyt b. (2, 4). 
se egele 04 . (2-V6, 2 
ce 5V5 (ota? 4 ay? Cc. ( 12V8). 
ae b. a d. No point. 
é k= 10v5 (1+ 9 aes)? 9% a. 1VIT 
3 Gan oa ° 
V138 3 V6 
9 ar g At ea)? fe p, 18V8. 
D og 8 8 
g. R=4V2 av2 73 V78 


roy 


Mer oN oS. c 
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Pages 273, 274 


it ike. 


~gatete. 


2 
‘ apiene Ver a? at 
3 2 
. ae — Far ¥ aa + a2 Vars — 
6Ve-3Vei+" 40, 


— 3(1-ai +e. 


. — $(at — 28)" +0. 


8 /y 8 
24, -(=-—83 C. 
ae y+ 


25. SO Re ad 

6, [208+ 12248 +0. 
a1. — 3(1— 20 4c. 
28. “Ver +C. 

29, §V8e +0. 


30. aa Hi +e, 
81.—2V5—a2+0. 
82. $ (3a — 2)? + C. 


=. 4 
= (at bart +o. poame * “ary 
.—$(4-82)84+0. 39, -__ yte Lese—atse. 
. a2 4 Zab +0. ‘ve = 
i ay 40. paet eo. 45. —7V6 ae 
a 4. gatVQn40. © We tetra) +e. 
It aVa+14V2+0 a 3 ‘ 
Be 2y + 4 2%. 20 1— + 0. f. ao ame t 
x Va 3 43, — 4 (a2—a2)i +6, 48. 229 + 28)2 +0. 


Pages 275, 276 


; (a— nt 28a a)?+ Cc. 


»§$@-2V1+24C. 
oV1+ 22+ 0. 
» 25 0 — 40 28 + 
. y33(15a?—-12¢ + 8)(142)2+C. 
. (1+ 22 + ©. 

a+ 8+ Za5+4 Lat+ C. 
— Pe (8 + 4 4+ 32%) V1— 2 + C. 


4054+ C. 


—3V1—2+0. 


10. 


11. 
12, 

13, 
14, 


2 (bt — 2a) Va + bt 
YE 
2(a+ by)! 2a(a + by)? 
50 3 U0 


(a+ by2)% + C. 


+C. 


+C 


| ms 


ges Rat + Sait C. 
ao 


9 
” 


W'lews i) 


b 
£2 
20 


+C. 


15, PAC a5 ba)® +C, 


16. — 4,8(2— 18+ Te ee laa B2—HF+ ©. 


(10 «2 — 
ah 140 


18. — 3(8—2)$4+0 


6x + 8) (404 at 


442 
Pages 278, 279 4% 
2(@—2)V1+¢2 
2. y = 3 (eb 5). is SPER OME EE 
8. y= dart 16y8— 142, 16. z= got— poh 4 292, 
5. y= 3aVax + $V 27-18. 17, 4. 
ae ae 18. — 0.8856. 
3 19, 82" 
8 s= jet eehs 7. bs 
9% y =F(e—6)(9 + a)2+ 324, Py a 
10. y= 3(@—10) V5 +2418. Sie 
12, y=— 4(25 —0)3 + 135, 23, 42. 
13. s=4—2V6 =z! 24, 29,8. 
Pages 281, 282 
1. b. 2Vy = 2. 2. b. y2— 422 = C0, 
c. 8y = 16 — 2(4— 2), 4224+ y=, 
.8Vy = 2 4 2. eyr=a2+ C. 
paees 7 > Sf. 8y=a0? = Bete. 
g. 422 + 9y2 = 824, h. 3 ies, + (y+ 2P=C., 
h. 4y% = 8 (22 — 1), i-—-=C 
j. ares 5. nts ae 
a 
Giiaa— 
be 7.3 ie B422—6 
Pa aerate z— 6. 
- eo 8. y= 402 — 790 4188. 
n. 23 +y8 = a3. : §. est agen 
‘ x 
Pages 285-287 
1. 87.64 ft./sec. ty ahs oy eee 
2. 89.80ft./aoc,  & © PSB —F 42 9. =e 1) +9 4 
8. a. 12,500 ft. > oo ee ar vin aii 
b. 1924 ft./min. eG. fee on Oe aaron tee 
c. 6944 ft. 6 
¢. 0249-73 — ——. » 11. 4.6 ft. 
sollte Vi 12. 4-V10 ft. /sec. 
5. 7); sec. Zotac es 


®%, 126.7 ft. 
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ANSWERS 443 
Pages 292, 293 
wv, 2. d 8. 3%. 16. 399.9. 23. aVa 
2, 18. 10, — 422. 17%. 6.95. 25. 4. 
4, 38. 11, — 27. at, 2 ie 26. ai 
2 
5. 18.78. 18. }a’. 20. Re. 98, af] 
ae 14, 8 22, 45 29, 2,8, 
Pages 298, 299 
1. a. 4,8, 2. a. 30. 4, § 9. 2p. 
c. Sp. c. 38. 5. Sst 11. a2. 
e. 14, 3. a. 3,2. 6. 1. tie 
oT. c. }. nal) 19, 189V2 _ a 4 
i. 14.48. 2 _ 128 -v2 6 8 
k. 22. : 15 8. 272. 18. 226.8. 
Pages 300, 301 _ 
2 
eave. d. 87.77. awe Weta ied) oe 
<a e. — 290, 28 7, 2048 
'e . z 05 
13 p22 (aVa—vaa),  * #88. 
c. 28. 3 5. 22. 
Pages 310, 311 
2, Exact value 12.87+. 
8. Exact value 0.8813 +. 
4, a. 16.48. b. 1.791. c. 5.502. d. 45.25. e. 17.08. f. 65.28. 
Page 313 
1. a. 9.84. b. 86.89. c. 6.89. d. 18.10. 
2. a. 9m. c. 42%. d. 72. e. $. g. 4.184. 
3. 9.2 acres. 
Pages 318, 319 
1. a. 8. 2. 4%. 6. 36. 11. 44.02. 
e. %. 3, 7. 86. 12, 138, 
e. 9. ey. 8, 27, 13. 25,8, 
g. 32. ‘ a? 9. Z. 14, 2. 
i-4998, i) 10, 16.64. 15. 108. 
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Pages 322, 323 
1, 33,5, 4. 9.07. moe. 10. 9.30. 13. 9.38. 
BA. 5. 6a. 8. 2V1+m?. 11. 8.61. 
3. 1.444. 6. 9.07. 9, 4.65. 12, 4.56. 
Pages 328-330 
l. a = e. 87. 2. a. ce a7 8. 470% 16. 187. 
256 a 10, $ 7a? 128 3 
8 1447 17. 
» 2p og 16 b= ie ee 15 
Ps — B} 7 5 ‘5 19, 57.44. 
che ce as Ae ey ng, 1187 oy tn Sp leo 
. Tv 
Pages 334-336 
1. a. 2309 cu.in. die 100th in. eee ee eae: 
6. 1338 cu. in. b. 443.4 cu. in. - = 
c.. 2667 cu.in. c. 426.7 cu. in. b 1287 256 a3 
d. 1571 cu.in. 4. a. 228.7 cu.in. ae ie 
‘e. 2667 cu. in. - 6. 859.2 cu.in. 
3 
2, a. 1333 cu. in. 1673 ¢, 1287 c, 12 P*. 
b. 577.3 cu.in. 3 105 5 
¢. 892.7ou.in. 6, 1066. ake g22 
7 2$° cu. in. 8 2 
Pages 338-340 
1. . 4,836.18. 8. 217.1. ja 
52 rp? 5. 12 ma?. 10. 410.8 a 
9 1p : : 15. 37. Ys, 
Sa: 6, 53.15. 11. 141.5. i 56rV3 
3. 208.0. 1. 77.84. 18. 181.2. aio we 
Page 345 
2, (2h, 0). 10. (1,2, 2). 16, (¢: 3): 18, (18, 0). 
4. (8, 48). 12. (§, 1). 19, (2%. 42 
6. (2,2, 8). 14, (1, 4,2). i: @ “). ‘a 
8. (}4, $4). 15. (2, 1). \5' 5 


=r 
1. 2560 lb. 4. 1302 lb. 
2. 2160 lb. 5. 3771 lb. 
3, 38,2291lb. 6. 7800 1b. 


1. 800,000 z ft.-lb. 


2. 84,375 w tt.-lb. 
8. 432,000 7 ft.-Ib. 


3. a. 23.60. 

1. a. 5. 8 
b. 3. 

2. a. z= logsy. 7 

bc =— logo y 8 


a Y== b 
it Van 
Ay =a er 
6. fr(e== 
%f @)= = logte. 
1 
8 (Oe 
ds 


11. S = 5(1 + logs 
Zz ( gt). 


. a, DHF. 


ANSWERS 


Page 346 
2r 


2. —. 
7 


Pages 350, 351 


7. 583 Ib. 
8. 1667 lb. 
9. 3375 lb. 


_ Pages 354, 355 
2,500,000 zr 


4. aa eae a 


5. 9875 7 ft.-lb. 
6. 78,000 ft.-Ib. 


Page 358 
Page 365 


b. 6% = e2¥. 


. a. 100-008686 2. 
. Gd. e— 2-808. 


. a. 6,227. 


c. 347389. 
Pages 369, 370 
13. f’(y) = 


17. f(z) = +8 
1—logx 

x2 
19 dy _ 4+ 5 at 

‘de a2(1+ a2) 

21. a. ps. 

b. 3. 

c. 4,797. 

d. — 0.0483. 

e. 0.2545. 

J. — 0,0362, 


18, —= 


10. 20,333 Ib. 
11. a. 41,250 Ib. 
b. 11 ft. 


2 (a2 — 1) 


445 


bls 


12. 3897 T. 
14, 3682 T. 


7. 327,600 ft.-lb. 
8, 13,338 ft.-Ib. 
9. 8000 ft.-Ib. 

10. 29,333 ft.-Ib. 


4. a. 23.57. 


10.2, o=— log (y +Vy?—1). 
b. « = log (y+Vy? + 1): 


22. a. 0.3679. 
b. 1.2067. 


23. 


+2, 2. 
0.48429. 

=a 3 

+ V3, 0. 

"4. 0.8686 VIB, 0. 
. (4, 2.7726). 

. (2, 1.3868). 


c 
d. 
a 
b 
Cc; 
d. 
e. 
f 
a 
h 

24. a. 

b 
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26. R = 2.828. 
27. a. Min. pt. (0, 0), infl. pts. (+1, log 2). 
b. Min. pt. (e, e), infil. pt. (e?, 4 e). 


c. Min. pt. (: -?). 
et Ce 
d. Max. pt. (4, log 16). 
28. 2.323. z 
Page 372 
1. y= 2(x + 2)(0 + 8)2(8a7411z24+9). By 
,._14+32?— 224 wy 
yo 
(1— 228 8. y 
5. y =6 V6, y’ = $5 V5. 


Pages 374, 375 


y = aer, 13. y’ =(a + lye. 26. (0, a). 
. ¥ =—4a-4*loga, 15. y = — 42e-*. 27. (0, 0). 
_1—wlogw 

ip wer : F 
. y =22-10"log10, 18. y’ = 27*(1 + logz). F 2 
ne tee 8, tangy eee inf. pt. (— 2, —2). 
Y~(e4¢1p 2% ‘Max. pt. (0, 1), 29. 


: y = tale log a. aby re 
x 


oat ao Be 


Page 379 


-_ 


. (B— kA — kBt)e-#. 8. C = 80, k = 0.0000385, 
2. 1127, 67.62 per hr. — 0.0000385 p, 3720 ft. 


Pages 381-383 


ie ~+ C. 9. log Vz? — 22 —5+ C. 
11. 2y—4— 6y—2+ Sy?— logy® + C. : 
8. e+ C. 18. Jlogtz + C. 
5 Lae a. 14. log (e* + 1)? + C. 
2log a 16. £(e¥—e-2¥) 4 2y4C. 
8. $2?-—2 + log(z+1)+C. 19. 8.195. 


bs... 


4, a. Max. pts. +2n7, 1); 
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0.5596. 26, 0.8167. 83, 1.070. 39, 7 (e — 1). 
CA. 27. 8.318. 84, 5.761. a 
, 25.94. 28, 8.318. af zh 1\ 40. 77,8 — 4log 4). 
1.1513. 80. 0.8181. 9 -7): TO ola ey eee 
logV2. 81. #—1. 86, 4.443 q} Scheer £: 
$—log8. a5 #(e—1), 87. 2.5046. 49 Ty _ ¢-0y, 
e} 88. 0.2115 a8, 2 
Page 385 
. y=log(1+ 2%). 4,y=e? 7. 84.7 1mm, 
» Ly = - 5. y = ce. 8. v = 1000 e— 9-25¢, 
y= ce?. 6, I= Ce-0022, 82.08 rev./sec. 


9. p = 15 e~9.00004h, 10. L = 60¢0.00001T, 


Pages 395-397 


. ay =2 cos22. Lyf =— “ 
a 2Va 
on 7 nt. dr — sind 


nn, — = 
e. f(y) =2cos2ycos8y—s8sin2ysinby. df 2%Vcosé 


Ff. f (8) = 9 cos. 
g. f () = sin 22. 


i. f’ («) =— tana. 


j. f (2) =} cota. 
a. 1.081. 
b. — 3.637. 


b. 7’ =— 18 cos3 6. 
c. y’ =— 4(sin 2” + 2 cos 22). 
d. ¥’ =—e—*(4cos2t+ 3sin2t). 


min. pis. (— 5 + 2nm, =1) 


0. w= —e-H(sint+ cost), 


cosa +a sing 
¢. =. 


cos? x 
5. a. (4 nm, 0). 
6. ay=@. 
7. Acceleration — 8, 0, 8. 
2 
8. Acceleration 0, in 0, am, a 
2 
0. a ae 
dt? 
bee mais, 
dt? 
Pr « 
“dt?” 4 
dr 
d me WE, 


10, 109.47° (109° 28’). 
11, 90°, 26.57° (26° 34’). 


448 INTRODUCTION TO THE CALCULUS 


12, a. Max. pt. (=. 3.2268); min. pt. (57, 2.4507); ina. pts. (0, 0), (ar, 7), 


(27, 277). 


é Max pe (, 1.9132) , min. pt. (> : 1.2284); ind. pts. (0, o(F: “\, 


(7, 77). 


e. Min. pt. (.— 0. 3425); max. pt.(°F, 3.4841); infil. pts. (0, 0), («5 op 


(27, 7 


(r 


138. 0.00029. 


). 
37 
f. Max. pt. e 1.4142); min. pt. (F = 1.4142); infil. pts. (=. 0), 


14, a. 0.8835. b. 0.4849. c, 0.8578. d. 0.5302. 
15. y = V25 — 24 cos, 3.606 ft., 0.0025 ft. 


Pages 398, 399 


1. a.—}ceos2a+C. 2 a2. 


'c. sing — cosa + C. 
e. logsing + C. 
g— ecosx + Ot 

h. sin logz + C. 

j. — sin(w#—a2)+ C. 


3. a. f(z) = asectaz. 
(op ee 2t esc7t?. 
dt 


ee caell i agli 
é. y’ = —cse-—cot-. 
ho = ote Ke 

g. EF’ (@) = tan4g. 
h. f(t) = 


sie 


i. f’ () = - = sec! (log «). 


bis 


7 


3.4.4. 4, i 8. 2V2. 
8 4 
b.—- 5, 3.829. 9.00 aa 

TT Tv 


c. 1.2081. ¢1, 8 14.685. 419 4/9. 
di 06981. 42.4. %wW2—1. 48. 


Pages 403, 404 


7 


ee b.1—=. c. 4.981. d. 2V8, 


, 58.18° (58° 8’). 


2 


7 37 
) Max, = — 1 imin. et I 
> ll 


. — 1200 7rft./min., 0. 
« 11.22 tt, 

Los, 

. 6a mi./min. 
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Pages 406, 407 


a. 53. b. 46 6. 0.0719. ae log? 
Tv 


1, a. Sloe secar + C. 
a Tv 
tan 6 + log sec @ + 5. 


c. }sec2t4 C. 


Sats! dis 


1 —log 2. 
é. — —cotar+ C. ae 

a 4. 
g. tana? + C. 1.317. 
. 9, 2.059. 
i. tan 6 — cot@ + C. - 2 
k, 2(tanz+secz)—2+C. je ae 


Pages 409-411 


2. a. 2? + y2= r?. 5, 45°. 
6. 2? — 24+ 7?=0. b 
c. 9a? + 25 y2 = 295. ae 
o ty —6)? 1 
“ees = 1 8. — —- 
eae V3 
e. a? — y?=1, 9.-v = 10, §-V 10, 5; 
4,z2=rcos27l, y=rsin2z7t; a = 0°, 153.48° (158° 26’), 90°. 
z=recos6rt, y=rsin 6-7. LOS t==165 a 120% 
12, v = 20. 14, 27 ft./sec. 18. 37a?. 
13, 2 = 2(rt — sin zt), 15. 2a-V2 ft./sec. 19. 8a. 
y = 2(1—coszt). 17. ab. 
Page 413 


1, a. 4 sine + C. 
b. — 4.cos?a + C. 
c. — 4 cos®x + C. 
d. — }cost204+C. 
e. secx + cosx+ C. 
Ff. }tan?z + log cosz + C. 
g. —cotr—a2+C. 
h. — } cot?a — logsing + C. 
i, — A cotéx — } cotta + C. 
j. 4 (tant — cot?t) + 2log tant + C. 


k. yy. 
; A 4 82 a8 
2, a. 47rab?. b. $7 a%d. 3. 37a’. Tae 
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Page 417 
2 
1. a. sing + cosz + C. Ff. @logz — 1) + ©. 
esx 
b. —- (82 ras g. x(logz —1)+C. 
2a n+1 + 
6) eae iy + C. hi, a= 106 6 Se gee 
3 4 n+1 (n + 1)? 
5 x re 
pops eR ace LIE 3 Ob i. — xg? cosz + 2asinz + 2 cosa + C. 


a ee: 1) x 
Che a i Los Geen ae ee 


2. 14.026. 3. G. *). 4. 164.8. 5. 18631 7. 


Pages 419, 420 
. arc sin“ +C. 
. log (a + Va? + a?) + OC. 


1 x 
c. —are sec — + C. 
a a 


SS A 


We) Bes 2 
d. a v2 + @ arcsin =~ + Cc. 
2 2 a 


2 
e. 5 art @ + —log (@ 4+V22 + a?) +0. 


f. 7/3. 
g. 1§2, 
2. mab. 8, Ws V2 +4 log (a+ ae he 
3. 37a?. 9. oh 
4. 5ra8. 1b. = ee iG 
: ily. 3 — a?— r arcsin — 
Pp 
5. = [V2 + log (14+ -V2)]. = , 
gL V2 + log (1+ -V2)] 11, 57.28. 
ue: /2. 12. a. 0.8814. 


i 2a?-/3 — atlog (2 +-V3). b. 28.27, 


INDEX 


(The numbers refer to the pages) 


Abscissa, 2 

Acceleration, 167, 283 

Analytic method, 202 

Angle, between lines, 19; of inter- 
section, 123 

Approximations, 181, 808, 311 

Area under a curve, 295 

Asymptotes, 231, 243 


Boyle’s law, 130 


Catenary, 359 

Centroid, 340 

Circle, 195; of curvature, 261 
Cissoid, 248 
Compound-interest law, 877 
Concave downward, 247 
Concave upward, 247 
Coérdinates, 2 

Critical values, 146 

Cubical parabola, 56 
Curvature, 261 
Curve-skétching, 111 

Cusp, 148, 258 

Cycloid, 408 


Derivative, 88 

Differential, 177; equation, 279, 383 

Directrix, 208 

Distance, horizontal, 7; vertical, 7; 
between two points, 9; from a 
line to a point, 41 


45] 


Ellipse, 221 

Errors, 181; relative, 184 
Extent of a curve, 240 
Extreme values, 148 


Factoring, plotting by, 59 

Fluid pressure, 347 

Focus, 208, 221, 228 

Function, 70, 127; inverse, 1138; 
implicit, 118; increasing and de- 
creasing, 140; transcendental, 
356; exponential, 356, 375; loga- 
rithmic, 359; power, 373 

Fundamental Theorem, 307 


Graphs, 132 


Hyperbola, 228; equilateral, 236 
Hyperbolic sine and cosine, 359 
Hypocycloid of four cusps, 243 


Inclination, 16 
Increments, 72, 176 
Inflectional point, 248 
Initial conditions, 277 
Integral, 268; definite, 291 
Integrand, 268 
Integration, by substitution, 275, 
299, 417; by parts, 414 
Intercepts, 57, 240 
Interpolation, 136 
Intersection of curves, 66 
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Latus rectum, 211 

Length of curve, 319 

Limits, 84; of integration, 291, 299 
Locus, 49 


Maxima and minima, 146; tests 
for, 147, 247 
Moment of area, 340 


Newton’s law of cooling, 376 
Ordinate, 2 


Parabola, 208 

Parabolic arch, 216 

Parabolic reflector, 214 

Parabolic rule, 311 

Parameter, 37 

Parametric equations, 191, 407 

Periodicity, 889 

Point, of division, 9, 12; of inter- 
section, 33, 66 


Radian, 386 
Radius of curvature, 261 
Railroad curves, 266 
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Rates, constant, 159 ; variable, 163: 
related, 171 
Resolution of forces, 287 


Semicubical parabola, 56 
Simpson’s rule, 311 

Slope, 16, 76 

Solids of revolution, 323 
Strophoid,' 2438 

Surface of revolution, 336 
Suspension cable, 287 

Symmetry, 4, 57 

Systems, of lines, 36; ot curves, 279 


Tangent, to acurve, 75; toacircle, 
198 

Torus, 335 

Trapezoidal rule, 308 


Variation, 130 

Velocity, rectilinear, 
curvilinear, 187, 289 

Vertex, 208, 222, 229 


167, 283; 


Witch, 248 
Work, 352 


